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Reservoir-type dispenser hollow cathodes are currently being developed for use 
on NASA’s Prometheus 1 mission.  In these cathodes, the reaction between a barium 
source material and tungsten powder contained in a cavity surrounding a porous tungsten 
emitter produces barium vapor which is crucial to operation of the cathode.   
The primary objective of this research was to investigate the reactions between 
tungsten and a commercial barium source material in a simulated reservoir hollow cath-
ode environment.  Mixtures of tungsten and a barium calcium aluminate material were 
sealed inside molybdenum capsules with porous tungsten closures and heated to 1000ºC, 
1200ºC, and 1300ºC for 100, 200, and 400 hours.  Based on the reaction products, which 
were identified to be BaAl2O4 and Ba2CaWO6, a reaction was proposed for the barium 
calcium aluminate material with tungsten.  The bottom pellets in the capsules were found 
to have reacted to a much further extent than the top pellets in all of the samples, possibly 
due to a temperature gradient or excessive moisture in the base of the capsules.  Quantita-
tive and semi-quantitative x-ray analysis results did not show a clear trend as to how the 
concentrations of BaAl2O4 and Ba2CaWO6 vary with time. 
Most of the barium source materials are hygroscopic, and hydration of the materi-
als would substantially reduce the performance of the cathode.  Therefore, the environ-
mental stability of several barium compounds, 3BaO· Al2O3 (B3A), 6BaO·CaO·2Al2O3 
(612), 4BaO·CaO·Al2O3 (411), Ba2.9Ca1.1Al2O7 (B4ASSL), and Ba3Sc4O9, were investi-
gated in order to evaluate their suitability for use as barium source materials.  A micro-
balance was used to measure weight gain of the materials as they were exposed to dew 
 xiii
points of –15ºC and 11ºC at room temperature.  The results showed that B3A hydrated 
more extensively than any of the other materials tested in the low- and intermediate-
humidity environments, while the 612, 411, and B4ASSL materials were all reasonably 
stable in the low-humidity environment.  The Ba3Sc4O9 was extremely stable compared 







 For over thirty years, NASA has relied on chemical systems for propulsion on 
deep-space missions; however, chemical propulsion cannot meet velocity change (∆V) 
requirements consistent with reasonable trip times nor provide spacecraft maneuverabil-
ity capabilities consistent with future complex missions.  Therefore, NASA has been in-
vestigating the use of nuclear power systems coupled with electric propulsion which 
would not only vastly increase the amount of power available for advanced experimental 
payloads and reduce transit times associated with outer planet and Kuiper Belt missions, 
but it would also enable multi-destination missions that aren’t currently possible using 
chemical propulsion.   
In nuclear electric propulsion, the spacecraft is launched from Earth by a tradi-
tional chemical rocket; then once in space, the spacecraft is powered by a small nuclear 
reactor.  Nuclear fission in the reactor generates heat that is converted to electrical power.  
This power is then used by the electric propulsion system to produce xenon ions, which 
are accelerated to extremely high velocities by potentials applied to a grid system, thus 
expelling the ions from the engine to generate thrust.  NASA’s first proposed mission that 
would use nuclear electric propulsion is the Jupiter Icy Moons Orbiter (JIMO) which will 
orbit three moons of Jupiter to investigate their makeup and their potential for sustaining 
life.   
Each thruster on the spacecraft will contain a dispenser cathode that produces 
electrons to ionize the xenon gas.  A critical component of the cathode is the barium 
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source material that reacts with a reducing agent, typically tungsten, to form free barium 
which diffuses to the surface of the porous tungsten emitter forming an adsorbed 
monolayer of barium-oxygen dipoles.  The dipoles significantly lower the work function 
of the tungsten surface, from about 4.5 eV to approximately 2.0 eV, and hence the operat-
ing temperature of the cathode, which can significantly impact cathode lifetime. 
The only previous NASA mission which utilized ion propulsion, Deep Space 1, 
made use of an impregnated-type dispenser cathode insert fabricated by infiltrating mol-
ten barium source material into the pores of the tungsten insert.  Unfortunately, the build 
up of reaction products in the pores can limit the life of the cathode by precluding the dif-
fusion of barium vapor to the surface of the emitter.  An impregnated-type dispenser 
cathode insert identical to that used on NASA’s Deep Space 1 mission demonstrated a 
lifetime of 32,000 hours during a ground based test of a flight spare engine.  Because the 
JIMO mission will require a lifetime of at least 100,000 hours and because the anticipated 
power demand of about 30 kW per engine will require high operating temperatures, it is 
expected that the impregnated-type cathodes will not be able to meet these needs.   
Therefore, reservoir-type dispenser hollow cathodes are being developed to re-
place the impregnated-type dispenser cathode inserts.  These reservoir hollow cathodes 
consist of an annular reservoir or cavity filled with a mixture of the barium source mate-
rial and tungsten powder which surrounds the thin-walled cylindrical porous tungsten 
emitter.  The source material reacts with the tungsten within the reservoir to form free 
barium which diffuses to the surface of the porous tungsten emitter.  The reservoir hollow 
cathodes will allow provision of a larger supply of the barium source material than that of 
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the impregnated-type cathodes, and the configuration should prevent the build up of reac-
tion products which are believed to play a role in limiting impregnated cathode life. 
Several reservoir-type cathodes of the configuration typically used in microwave 
tubes are currently on long-term life test at Crane Division, Naval Surface Warfare Cen-
ter. These cathodes employ BaO powder as the barium source material in the reservoir.  
Upon heating, the BaO evaporates and flows through a porous tungsten plug welded to 
the top of the reservoir where it is reduced to Ba, which then diffuses to the surface of the 
cathode to reduce the work function of the tungsten.  While the use of BaO as the source 
material would seem to be a more straightforward solution to creating the barium 
monolayer on the cathode, BaO is, unfortunately, extremely hygroscopic.  Because the 
cathodes for the JIMO mission could potentially be exposed to a high-humidity environ-
ment prior to launch, it is necessary to use environmentally stable materials in the hollow 
cathode reservoir of each ion thruster.  Thus, the reservoir hollow cathodes must rely 
upon the reaction between a more complex barium source material and tungsten powder 
in order to produce the necessary barium vapor. 
 The rate of reaction between the barium compound and tungsten to form Ba/BaO 
vapor is critically important to the life of the cathode.  While the reaction must proceed 
rapidly enough to provide sufficient Ba to maintain a monolayer on the surface of the 
emitter, exhaustion of the available barium within the source material will mark the end 
of cathode life.  While previous studies have examined the reaction of commercial cath-
ode impregnant materials and tungsten powder, there has never been a study of the reac-
tions under conditions similar to the actual operating conditions in a microwave tube or 
ion thruster.  Furthermore, it is virtually impossible to extract the reaction products from 
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the tungsten matrix in order to determine the extent of reaction in impregnated cathodes 
that have been operated to end of life. 
The primary objective of this research was to investigate the reactions between 
tungsten and a commercial barium calcium aluminate source material in a simulated res-
ervoir hollow cathode environment.  Experiments were designed to identify the reaction 
products and to study how the reaction products affected the barium supply.  By studying 
the reactions for varying time periods under isothermal conditions, a diffusion-couple 
model could be employed to predict extended life time of a hollow cathode using the bar-
ium calcium aluminate source material. 
Mixtures of tungsten and a barium calcium aluminate material were sealed inside 
molybdenum capsules with porous tungsten closures.  The samples were heated to ele-
vated temperatures for extended periods of time under vacuum.  Quantitative x-ray dif-
fraction analysis was performed to determine the reaction products, which provided a 
means to model the reaction kinetics between the barium source material and tungsten.   
Most barium source materials are hygroscopic, and there is anecdotal evidence 
which indicates that hydration of the source materials would substantially reduce the per-
formance of the cathode.  Hydration of the materials could lead to release of water vapor 
upon heating during activation of the cathode and subsequent oxidation of the tungsten 
emitter, which would increase the work function of the tungsten and thus, at least, in-
crease the operating temperature and, at worst, render the cathode inoperable.  Further-
more, since hydration of the materials results in a substantial increase in their volume, the 
source materials could potentially expand sufficiently to crack the welds sealing the res-
ervoir or fracture the porous tungsten emitter.   
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Thus, a secondary objective of this research was to investigate the sensitivity of 
various barium source materials to atmospheric moisture.  A microbalance was used to 
measure weight gain of several barium compounds as they were exposed to low- and in-
termediate-humidity environments, and the results allowed direct comparison of the ma-





 In order to study the reactions between barium compounds and tungsten in a res-
ervoir hollow cathode environment, it is first necessary to understand the phase equilibria 
in the BaO-Al2O3, BaO-CaO-Al2O3 and BaO–Sc2O3 systems.  This survey will also in-
clude some previously reported information on reactions in thermionic dispenser cath-
odes, and several solid-state reaction kinetics models will be introduced in order to aid in 
the analysis of cathode lifetime.  The vapor pressure of barium inside the cathode and the 
evaporation rate of barium from the cathode also play an important role in determining 
the lifetime of the cathode.  Therefore, various vapor pressure measurement techniques 
will be discussed along with a summary of previous work on barium and barium oxide 
vapor pressures.  Finally, evaporation rate values will be presented for dispenser cathodes 
impregnated with various barium compounds. 
 
The BaO-Al2O3 Binary System 
Wartenberg & Reusch1 discovered the first compound in the BaO-Al2O3 system: 
BaAl2O4.  Shortly after, Toropov2 discovered two additional barium aluminate com-
pounds: Ba3Al2O6 and BaAl12O19.  Toropov and Galakhov3 created the first phase dia-
gram for the BaO-Al2O3 system which is shown in Figure 2.1.  Toropov and Galakhov 
reported the melting points of BaAl2O4, Ba3Al2O6, and BaAl12O19 to be 1830ºC, 1750ºC, 




Figure 2.1. Binary Phase Diagram of the BaO-Al2O3 System by Toropov and Galakhov.3
 
Appendino4 studied the high-baria portion of the binary system between BaO and 
Ba3Al2O6.  He identified five new phases by x-ray diffraction: Ba4Al2O7, stable above 
940º C; Ba5Al2O8, stable at 940ºC; Ba7Al2O10, stable at 1050ºC; Ba8Al2O11, stable above 
1050ºC; and Ba10Al2O13, stable at 1130ºC.  The portion of the phase diagram developed 
by Appendino is shown in Figure 2.2. 
 
 
Figure 2.2. High-Baria Portion of the BaO-Al2O3 System by Appendino.4
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The High-Baria Portion of the BaO–CaO–Al2O3 Ternary System 
Early investigators of the BaO-CaO-Al O  system encountered difficulties in 
studying the high-baria portion.  Samples totaling more than 75 mol% CaO and B




ture, and carbon dioxide.  Appendino5 was the first individual to successfully study the 
high-baria portion of the BaO-CaO-Al2O3 tern , creating the isothermal section 
o
its of Ca ions for Ba in BaO, Ba8Al2O11, Ba4Al2O7, and Ba3Al2O6 to be 0%, 2.5%, 
7.   
ary system
f this system at 1250ºC, illustrated in Figure 2.3.  Appendino reported the substitution 
lim
10%, and 25%, respectively.  While investigating the solid solubility of CaO in 
Ba4Al2O7, Appendino reported the existence of a new ternary phase: Ba3CaAl2O
 
 
Figure 2.3. Isothermal Section of the High-BaO Portion of the BaO-CaO-Al2O3 Phase 





2Al2O3 (532), and 4BaO·CaO·Al2O3 (411).  In this 
gion, he found that the solidus temperatures ranged from 1650ºC - 1800ºC, and the liq-
idus temperatures ranged from 1750ºC - 1900ºC.   
Tarter8 refined the measurements of the solidus and liquidus temperatures of 311, 
532, and 411.  In addition, h ristics of five additional 
comme
he 




6 suggested that Ba3CaAl2O7 may not be a unique compound but one of a series o
solid solution compositions along the Ba4Al2O7 – B4-xCaxAl2O7 (0<x<?) join.  
Asselanis7 used the classical thermal arrest method to determine the solidus and
liquidus temperatures for compositions in the high-baria portion of the BaO-CaO-Al2O3 




e determined the melting characte
rcial impregnant compositions: 6BaO·CaO·2Al2O3 (612), 11BaO·6CaO·4Al2O3 
(B11C6A4), 2BaO·CaO·Al2O3 (B2CA), & BaO·CaO·Al2O3 (BCA).  Tarter reported that t
solidus temperatures for the seven compositions ranged from 1490ºC – 1585ºC, while the 
liquidus temperatures ranged from 1690ºC - 1835ºC. 
Hill, Hann, and Suitch
igh-baria portion of the BaO-CaO-Al2O3 system.  They constructed vertical sec-
tions that described the crystallization paths along the non-binary planes in the system 
and isothermal sections at 1100ºC and 1475ºC that described the sub-solidus equilibri
They determined the solubility limits of calcium in Ba3Al2O6 and Ba4Al2O7 to be 18.8 




The BaO–Sc2O3 Binary System 
In 1974, Kwestroo, van Hal, and Langereis  reported the existence of three com-
pounds in the BaO-Sc O  system:  Ba Sc O , Ba Sc O , and BaSc O .  Persianova, So-
loveichik, and Yudinskaya  proposed the existence of another compound, Ba Sc O  but 
further studies by Kovba, Lykova, Paromova, and Kalinina  concluded that Ba Sc O  
does not exist in this system. 
Magnus  found that BaSc O  decomposed in the range 1100-1200ºC, which did 
not agree with the previously published phase diagrams for the BaO-Sc O  bin
10







2 3 ary sys-
tem.  Therefore, she proposed a new binary phase diagram, shown in Figure 2.4.  Ja-
nowski  suggested the possible existence of a more baria rich compound than Ba2Sc2O5, 
namely Ba4Sc2O7.  However, she reported that Ba3Sc4O9 is the most baria rich phase that 
is stable at high temperatures. 
 
Hydration of Barium Source Materials
14
 
Hydration of the barium source materials can seriously impact the performance of 
either a reservoir or impregnated dispenser cathode.  Reactions between the barium com-
pounds and the atmosphere can have several potentially damaging effects.15  First of all, 
these reactions form a reaction product with a larger volume than the original materials.  
In extreme cases, this volume expansion can lead to cracking of the tungsten matrix in 
impregnated cathodes.  Also, subsequent heating of the impregnant materials after hydra-
tion leads to decomposition of the hydrates, and the evolving gaseous products could po-

















products can oxidize the tungsten matrix, causing it to react rapidly with the impregnant 
material to form complex tungstates. 
Toropov,2 who discovered Ba3Al2O6, reported that it is very soluble in water and 
highly hygroscopic.  While studying the BaO-Al2O3 system, Wallmark and Westgren16
encountered difficulties in performing x-ray analysis on BaO and aluminates containing
more than 50 m
 
 




sing 411 to atmospheric conditions for several hundred hours, they 
observe d 
d 
 of people have studied the materials which form during the hydration of barium
compounds, including Ba(OH)2, Ba(OH)2·H2O, Ba(OH)2·2H2O, and Ba(OH)2·8H2O.  
Ahmed and Dent Glasser17 reported the existence of a new barium aluminate hydrate: 
Ba2Al2H4O7. 
Habashy and Kolta18 studied the thermal dehydration of barium hydroxide octa-
hydrate.  They reported that initial heating leads to the formation of the dihydrate then
monohydrate which eventually decompose to anhydrous barium hydroxide at 375ºC.  In 
an inert atmosphere, the anhydrous barium hydroxide then decomposes to BaO at 410ºC. 
Ohlinger and Rebstock15 studied the effects of exposing 411 to sea level ambient
atmospheric conditions and characterized the decomposition behavior of the reaction 
products.  After expo
d total weight gains of up to 40% of the anhydrous weight of the 411.  They use
x-ray diffraction to identify the reaction products between the 411 and the atmospheric 
water vapor and carbon dioxide as barium hydroxide octahydate, calcium hydroxide, an
barium carbonate.   
Ohlinger and Rebstock also used thermogravimetric analysis to observe the de-
composition of 411 samples that had been exposed to atmospheric conditions.  They ob-
 12
served seven different weight loss events and were able to identify five of them.  They 
reported that the first three weight loss events corresponded to the decomposition of bar-
ium hydroxide octahydrate to barium hydroxide dihydrate, the decomposition of the di-
hydrate to barium hydroxide monohydrate, and the decomposition of the monohydrate to 
anhydrous barium hydroxide.  These results agreed with those reported by Habashy and 
Kolta.  At higher  decomposition 
of the a e 
 temperatures, Ohlinger and Rebstock also observed the
nhydrous barium hydroxide, anhydrous calcium hydroxide, and barium carbonat
to form BaO, CaO, H2O, and CO2.  
 
Reactions between Barium Compounds and Tungsten 
Because thermionic dispenser cathodes rely on a monolayer of barium to lower 
the work function of the emitter, several authors have investigated the crucial reaction 
between the oxide impregnant that contains barium and the porous tungsten matrix that 
results in production of Ba osed that this reaction 
s-
sociates to produce BaO v pregnant and the tung-
+ BaO·Al2O3. 
he BaO vapor then reacts with the tungsten to form Ba vapor and a barium tungstate: 
2BaO + 1/3 W ↔ Ba + 1/3 Ba3WO6. 
The var BaO-
O3 system by Kreidler,20 shown in Figure 2.5. 
 
 and/or BaO.  Brodie & Jenkins19 prop
actually takes place in two stages in impregnated cathodes.  First, the source material di
apor in the insterstices between the im
sten emitter, as shown below for Ba3Al2O6: 
3BaO·Al2O3 ↔ 2BaO 
T




Figure 2.5. Binary Phase Diagram of the BaO-WO  System by Kreidler.20
 
Rittner, Rutledge and Ahlert21 chose to impregnate their porous tungsten cathodes 
with 5BaO· 2Al O  because it is the lowest melting composition which does not contain 
free BaO.  This composition is actually a eutectic mixture of Ba Al O  and BaAl O , but 
the BaAl O  is chemically inert and does not react to form barium vapor.  Therefore, 
Rittner et al. proposed that the barium vapor is produced by the reaction of Ba3Al2O6 and 
W: 
2/3 Ba3Al2O6 + 1/3 W ↔ 1/3 BaWO4 + 2/3 BaAl2O4 + Ba 
Using a manually operated polarograph, they identified only Ba and BaO evolving from 
the front of the cathode.  The authors calculated the average content of BaO in the evapo-
rant to be 33%, and they proposed that the BaO is produced by the oxidation of Ba as it 
passes through the tungsten matrix and by decomposition of the Ba3Al2O6 as follows: 
3
2 3
3 2 6 2 4
2 4
 14
½ Ba3Al2O6 ↔ ½ BaAl2O4 + BaO. 
Finally, Rittner et al. hypothesized that using a barium calcium aluminate impregnant 
(532) would yield a reaction product of Ca2BaWO6, as opposed to the BaWO4 that forms 
from the reaction of barium aluminates.  Kreidler’s22 phase diagram of the BaO-CaO-
WO3 system, displayed in Figure 2.6, shows that the ternary compound is Ba2CaWO6, 






cathodes.  After designated operating times, they analyzed fragments of the samples by x-
gure 2.6. Ternary Phase Diagram of the BaO-CaO-WO3 System by Kreidler.22
 
In an attempt to identify the reaction products in impregnated cathodes, Sh
Palluel, and Tonnerre 23 impregnated barium calcium aluminate materials into thin tung-
sten filaments which they submitted to the same processes of activation and life tests as 
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ray diffraction.  They identified the major reaction products at the end of the test to be 
BaAl2O4, BaWO4, and CaWO4. 
After running a xenon hollow cathode using a 411 impregnated insert for a 28,000 
our life test, Sarver-Verhey24 used X-Ray Micro-diffraction Analysis (XRMA) to iden-




s tungstates and aluminates remaining inside
eaction Kinetics Models
h
nds deposited on the porous tungsten e
O6 and BaWO4.  He observed Ba2CaWO6 deposited 6.3 mm – 7.6 mm from the 
downstream end of the insert, while BaWO4 was the dominant constituent 10 mm from 
the downstream end through to the upstream end of the insert (25 mm).  Sarver-Verhey
was unable to determine the identity and the quantity of Ba-containing comp
a  the emitter. 
 
Solid-State R  
In 1927, Jander25 modeled the rate of reaction between powders using the geome-
y of a spherical particle as shown in Figure 2.7.  Assuming that the rate of formation of 
the reaction layer depends on the rate of diffusion, Jander developed the following ex-








ktf =−−  (1) 
where f = the fraction of the material which is unreacted, t = time, R = the radius of the 





















Figure 2.7. Sketch of the Cross Section of a Reacting Spherical Particle as used by 
 
While the Jander equation has been found to hold for many solid-state reactions, 
several authors have discussed the limitations of the Jander equation.26, 27, 28  Kingery, 
Bowen, and Uhlmann  pointed out that not only does Jander’s model assume that parti-
cles are spherical and of uniform size, but it is also only valid when the reaction thickness 
 small and does not consider a change in molar volume
uct layer.   Blum and Li27 listed these additional assumptions made by the Jander equa-
d by particles B, only particles B diffuse 
into A, only Fick’s law of diffusion applies, and the diffusion constant remains un-
changed throughout the reaction. 
In 1950, Ginstling and Brounshtein29 developed a relationsh
tion of spheres which was not restricted to a constant diffusion constant: 
26
is  between the reactants and prod-
tion: particles A must be effectively surrounde









where x = the fraction of each sphere which has reacted, t = time, r0 = the initial radius of 
each sphere, and K is a constant. 
Ry
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Carter28 further modified the Jander equation in order to take into consideration 








ktzz −+= , (3) fzfz −−+−+





where z = the volume of the product formed per unit volume of the spherical particle con-
sumed, f = the fraction of the material which is unreacted, t = time
l particle, and k is a constant. 
Through their experimental work on nickel ferrite formation, Blum and Li ob-
served that plotting the percent ferrite formation, “x,” multiplied by the time in minute
“t,” vs. time produced a straight line with slope “a.”  Therefore, they proposed the follow









lum-Li’s equation to model the rate of ferrite formation in sol-gel derived 
composites.  They found that their experimental data was best fit to a straight line by 
plotting xt vs. t.  There  rate of formation of 
ferrites
31 g 
Blum and Li proposed that after extended time, the slope “a” provides an estimate o
um concentration of the reaction product that would form. 
In 2003, He, Zhang, and Ling  used Jander’s equation, Ginstling-Brounshtein’s 
equation, and B
fore, He, Zhang, and Li determined that the
 by sol-gel processing could be best described by Blum-Li’s equation. 
In 1968, Bailey & Russell  validated the use of Blum-Li’s equation in modelin
the formation of spinel ceramics.  They reported that Blum-Li’s equation fit their experi-
mental data better than the models by Jander, Carter, and Ginstling-Brounshtein.   
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Finally, Suitch32 found that Blum-Li’s equation could effectively model the reac-




Vapor Pressure Measurement Techniques 
Experimental techniques for measuring vapor pressures are commonly classified 
into three different categories: static, dynamic, and effusion methods.  Common static 
methods include observing the rise of liquid in a manometer column, the stretching of a 
flexible diaphragm, or the distension of a Bourdon tube or a sickle gauge.   Dynamic 
methods include the boiling point method and
33
 the flow or transportation method.   
es-
ure of the atmosphere with which it was in c n meth
 




In the first attempts at the boiling point method, Ruff and Bergdahl34 put the ma-
terial under investigation in a crucible suspended from a balance and observed the tem-
perature at which the weight suddenly decreased as it reached its boiling point.  At this 
temperature, it was known that the vapor pressure of the substance was equal to the pr
s ontact.  In the flow or transportatio od 
first applied by von Wartenberg,35 a stream of inert gas is passed over or bubbled through
the material under investigation at constant temperature.  The
f the substance, which is condensed at a cooler part of the system.  By measuring 
the weight gain from the condensation of the vapor, it is possible to calculate the vapor 
pressure of the material under investigation. 
The Langmuir and Knudsen effusion methods allow the vapor pressure of a sub
stance to be calculated from its rate of evaporation in vacuum.  Langmuir36 measu
 19
weight loss from wires of W, Ta, and Mo as they were heated in vacuum.  He was able to 




where ρ = the density of the wire, w
m ⋅= ρ   (5) 
th, w 
 
0 = the original weight of the wire per unit leng
= the final weight of the wire per unit length, and t = time.   
Knudsen developed an effusion method in which the substance was enclosed in a 
cylinder with a small hole in the top and then heated in vacuum.33  The weight loss from
the cell can be determined by weighing the cell before and after heating or by measuring 
the weight of gas that condenses on a target.  Both Knudsen and Langmuir related the 
vapor pressure, p, from the rate of the evaporation using the following equation: 
 ,pMm =  
where M = the molecular weight of the vapor, R = the gas constant, and T = tempera

















tion (6).  Because this is not always known, numerous people have made use of Knudsen 
 = the number of moles lost from the Knudsen cell per second, a = the area of the 
hole in the Knudsen cell in cm , and t = the time during which effusion occurred. 
 The Knudsen technique requires that the sample area must be large compared 
with the orifice area, and the mean free path of the atoms in the vapor inside the cell must 
be at least ten times larger than the diameter of the orifice.   The identity of the vap
species must also be known in order to enter the molecular weight of the vapor into equa
 20
cell mass spectrometry over the past fifty years to identify the gaseous species in equilib
rium inside the cells and to obtain corresponding vapor pressure 
-
values and thermody-
amic data.38, 39, 40  In this method, a sample of the vapor effu
ll classes of materials over a pressure range of 10-4-10-11 bar and temperatures from 500-
2800 K.41
 
ht loss due to the effusing vapor vs. temperature, they could determine 
e boiling temperature.  Margrave33 and Zavitsanos43 took a different approach by 
weighing Knudse re the 
fo th obal by the h
vap P, h
/π (8) 
whe e increase i  cell caused by effusion, g = the acceleration of 
gravity, and r = the radius of the effusion hole. 
 
 Press
n sing from the cell enters a 
mass spectrometer where it is ionized and the resulting ion intensities are recorded.  
Knudsen cell mass spectrometry is particularly valuable because it can be used to study 
a
Another adaptation of the Knudsen technique involves continous weighing of the
cell with thermogravimetric analysis (TGA).  Goodrum and Siesel42 equipped a TGA 
with a Knudsen effusion cell attachment and heated each cell at constant pressure.  By 
plotting the weig
th
n cells with and without effusion taking place in order to measu
rce exerted on e micr ance pan  effusing molecules.  T ey calculated the 
or pressure, using t e equation: 
 ,/ 22 cmdynesr  2 gWP ⋅∆⋅=
re ∆W = th n weight of the
Vapor ure of Ba 
Over the past 80 years, people have used various experimental techniques to de-
 velop expressions to describe the vapor pressure of barium.  Table I gives a summary of
 21




Table 2.1. Literature Values of the Vapor Pressure of Barium 
Investigators Year M ure of Ba Temp. Range (K) ethod Vapor Press
Ruff and 
Har
1924 Boiling point log p(atm) = 16.1- 1203-1403 
tmann44 18750/T 
Hartmann and 1929 Boiling point log p(atm) = 6.95 – 1333-1419 
Schneider45 7824/T 
Rudberg and 1935 Molecular log p(mm Hg) = 6.99- 798-1023 
Lempert46 effusion target 8980/T 











1988 Knudsen log p(Pa) = 9.733 - 700-1200 
9304/T 
 
It is c eve he v sures a
pear se o  in meas by con f the 
bar ld nt s the s ding t ta, 




ommonly beli d that t apor pres  measured by Ruff nd Hartmann44 ap-
too high becau f error the weight urements caused densation o
ium vapor on a co  filame upporting ample.47  Disregar his set of da
ely close ag
Vapor pressu  of BaO 
The vapor pressure of BaO has also been widely studied.  While Claassen and 
Veenemans49 used the Langmuir method to collect their vapor pressure values, most of 
the work done on this topic has made use of the Knudsen effusion method.  A summary 
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of some of the previous investigations into the vapor pressure of BaO is shown in Table 
2.2: 
 
Table 2.2. Literature Values of the Vapor Pressure of Barium Oxide 
Investigators Year Method Vapor Pressure of Temp. Range (K
BaO 
)




sky, and Hennel- 8.63 – 19400/T 
50
1939 Knudsen log p(mm Hg) = 1200-1800 
Inghram, Chupka, 
and Po
1955 Knudsen cell 1.4x10-6 atm 1664 K 
58 K rter38 mass spec. 7.9x10-6 atm 17
Newbury, Barton, 
a
1968 Knudsen cell 
and TGA 
log p(atm) = 7.90 1365-1917 K 
nd Searcy51 mass spec. – 22610/T 
Hilpert and 1975 Knudsen cell log p(atm) = (7.19 1332-1681 K 
Gerads39 mass spec. ± 0.30) -21730/T 
 
Inghram, Chupka, and Porter38 were the first to study the evaporation of Ba
the Knudsen cell mass spectrometry method.  They heated alumina Knudsen cells filled








Ba O2 +, Ba O2 2+, and Ba O2 3+ effusing from the cells.  While Inghram, Chupka, and Porter 




ntroduce error into the results.  Therefore, they experimented with several altern
tive cell materials to determine their suitability for studying the evaporation of BaO.  
They found that molybdenum cells and molybdenum cells lined with Al2O3 or Pt all 
showed similar ion intensities of the species Ba+, BaO+, Ba2O+, and Ba2O2+, while graph
ite cells showed varied results due to extensive reduction of the BaO to form Ba. 
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Vapor Pressures of Ba and BaO over Barium Source Materials 
Hilpert, Beske, and Naoumidis  studied the evaporation of BaO from barium 
aluminate compounds by means
40
 of Knudsen cell mass spectroscopy.  They loaded mo-
lybdenu  
ith silver, they 
were able to establish relationships for the vapor pressures of BaO over the two barium 
aluminate materials. They calculated the vapor pressure of BaO over Ba3Al2O6 to be log 
p(atm) =
=  9.14 - 28300/T. 
The two barium aluminate com di H d Naou-
midis For an ant c sitio ng of m le 
ph  that t r pre  would be determined 
therma t chemically .  Therefore, the BaO vapor 
pressu  corresp
chemically stable phase.  They also hypothe
so the vapo lid solution s e eq he s  partial p
res of th es. 
r 
 
m Knudsen cells with the sample materials and then used a mass spectrometer to
measure the BaO produced by heating Ba3Al2O6 in the range of 1469-1745 K and 
BaAl12O19 in the range of 1897-2170 K.  After calibrating the system w
 7.90 - 23620/T and the vapor pressure of BaO over BaAl12O19 to be log p(atm) 
positions stu ed by ilpert, Beske, an
 are single-phase materials.  impregn ompo n consisti ultip
ases, Lipeles and Kan52 predicted he vapo ssure by 
l deco f the leasmposition o  stable phase
re of  wouldthe impregnant ond to the BaO vapor pressure of the least 
sized that solid solutions are ideal solutions, 
r pr ssu  of a se re o hould b ual to t um of the res-
su e component phas
Lipeles and Kan used thermodynamic modeling to predict the equilibrium vapo
pressures of BaO over several barium aluminates and several CaO solid solutions in the
















BaO → BaO(g) 99.4 32.9 8 x 10-9 39 
¼ Ba8Al2O11 → BaO(g) +  
¼ Ba4Al2O
101.8 31.2 4 x 10-10 52 
7
Ba4Al2O7 → BaO(  10-11 52 g) + Ba3Al2O6 105.3 29.3 7 x
½ Ba -113Al2O6 → BaO(g) +  
½ BaAl2O4
107.2 29.9 3 x 10 53 
6/5 BaAl2O4 → BaO(g) +  
1/5 BaAl12O19
129.0 29.8 1 x 10 54 -14
½ Ba3WO6 → BaO(g) +  
½ BaWO4
131.0 38.2 3 x 10 55 -13
Ba7.8Ca0.2Al2O11 101.8 31.14 4 x 10 52 -10
Ba2.9Ca1.1Al2O7 105.3 29.13 4 x 10-11 52 
Ba2.25Ca0.75Al2O6 107.2 29.34 2 x 10 52 -11
 
Lipeles and Kan predicted that the phase composition of the impregnant deter-
mines t  
 They suggested selecting lower vapor 
pressur
he ratio of Ba and BaO in the vapor.  For a more active phase, they predicted a 
higher ratio of Ba vapor to BaO vapor.  For example, the substitution of Ca2+ for Ba2+ in 
the crystal structure forms more stable, less active phases so the ratio of Ba/BaO vapor 
decreases.  Lipeles and Kan also reported that increasing the BaO content in the impreg-
nant forms higher-vapor pressure Ba-rich phases. 
e impregnant materials in order to extend the life of the cathodes at high tempera-
tures. 
 
Evaporation Rates from Dispenser Cathodes 
The evaporation of barium from the impregnant or reservoir is crucial to the op-
eration of all barium dispenser cathodes.  A minimum rate is required in order to maintain 
activation, but exhaustion of the available barium within the source material will eventu-
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ally lead to the end of cathode life. Therefore, it is important to be aware of the rate of 
evaporation of barium from the various barium source materials in order to understan
how they will perform. 
Zalm and van Stratum  reported unpublished measu
19  
d 
rements by C.A.M van den 
Broek il-
 
s only on 
the cathode temperature, as shown in Figure 2.8. 
 1957, Brodie and Jenkins19 studied evaporation rates for cathodes impregnated 
with the compounds Ba3Al2O6 and BaAl2O4, the eutectic mixture of Ba3Al2O6 and 
BaAl2O , and the eutectic mixture of BaO and Ba3Al2O6.  By measuring the time neces-
sary to deposit a monolayer of barium on a tungsten wire adjacent to the cathode, they 
were able to estimate the barium evaporation rates.  A graph of their measured evapora-
tion rates for the barium aluminates is shown in Figure 2.9.  Brodie and Jenkins found the 
ure Ba3Al2O6, which was expected because BaAl2O4 reacts with tungsten at a negligible 
te.  However, they found that increasing the ratio of BaO:Al2O3 in the impregnant 
bove 3, as in the eutectic mixture of BaO and Ba3Al2O6, was undesirable because it led 
 very rapid reaction of the free BaO phase with tungsten. 
Brodie and Jenkins also measured the evaporation rates from cathodes impreg-
ated with barium calcium aluminate materials.  They found that adding ½ molar propor-
on of CaO to Ba3Al2O6 decreased the evaporation rate of the Ba3Al2O6 by a  
 
56
and A. Venema on barium evaporation rates from L (reservoir-type) cathodes ut
izing porous tungsten emitters with a given porosity.  These results show that the quantity
of Ba (and BaO) evaporating per unit time and per unit cathode surface depend
In
4














Figure 2.8. Evaporation of Ba per Unit Time and per Unit Cathode Surface for Tungsten 













Figure 2.9. Evaporation of Barium from Cathodes Impregnated with Barium Aluminates 




factor of 5.  Brodie and Jenkins hypot  addition of the CaO may lead to the 
formation of a compound w e escape of vapor. 
In 1981, Shroff, Palluel, and Tonnerr  measured the evaporation rates for sev-




ith few interstices, which impedes th
e23
the common commercial impregnant materials in the early stages of life.  Their
results are show in Figure 2.10.  Like Brodie and Jenkins, Shroff et al. also found that the 
cathodes impregnated with barium calcium aluminate materials generally had lower 
evaporation rates than those impregnated with barium aluminate materials.  Lipeles and
Kan52 pointed out that increasing the CaO concentration beyond the point where its solid 
solubility limit has been reached has little effect on lowering the evaporation rate, be-

















udied using thermogravimetric analysis (TGA) in controlled atmospheres.  The masses 
of five barium source m  to air with dew 
rce Materials
 
Two types of experiments were performed to evaluate the behavior of barium 
source materials in potential handling and storage environments and to ascertain the rea
tion characteristics with tungsten in typical reservoir hollow cathode operating environ-
ments, respectively.  First, the environmental stability of several barium materials was 
st
aterials were measured as they were exposed
points of –15ºC and 11ºC, and the percent weight gain vs. time was plotted for the vari-
ous materials to compare their environmental stability. 
Also, a series of experiments were run to investigate the reactions between a bar-
ium calcium aluminate compound, typically used as a commercial cathode impregnant, 
and tungsten by sealing the materials inside capsules with porous tungsten closures and 
heating them to elevated temperatures for extended periods of time.   Quantitative x-ray 
analysis was then used to identify and quantify the reaction products, which provided a 
means to study the reaction kinetics between the barium compound and tungsten.   
 
Preparation of the Barium Sou  
 
The barium source materials were formed by combining the raw materials BaCO3 
(Alfa-Aesar), Al2O3 (Linde B), CaCO3 (J. T. Baker), and Sc2O3 (Alfa-Aesar).  Before the 
raw materials were mixed, they were placed in separate alumina crucibles and heated to 
400ºC for 15 hours to remove moisture.  After removing any adsorbed water, it was pos-
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sible to weigh out accurate amounts of the raw materials so that they could be combin
in the proper ratios to form the desired products. 
Looking at the formation reactions for the barium compounds, shown in Table 
3.1, it was possible to determine the molar percentages of the raw materials needed for 
the various reactions.  Using the molar percentages and the molecular weights of the ra
ed 
w 
 possible to calculate the weight percents of the raw materials needed to 
form the barium co
 




Table 3.1. Formation Reactions for Four Barium Compounds 
Material Formation reaction wt% wt% wt% wt% 
3BaO· Al2O3 3BaCO
(B3A) 3CO2
3 + Al2O3 → Ba3Al2O6 + 85.3 14.7 0 0 
6BaO·CaO·2Al2O3  
(612) 
6BaCO3 + CaCO3 + 2Al2O3 → 
Ba6Al4CaO13 + 7CO2
79.6 13.7 6.7 0 
Ba2.9C
(B4ASSL 2.9 2 1.1 7 2
a1.1Al2O7  
) 
2.9BaCO3 + 1.1CaCO3 + Al2O3 → 
Ba Al Ca O  + 4CO
73 13 14 0 
Ba3Sc4O9 3BaCO3 + 2Sc2O3 → Ba3Sc4O9 + 
3CO
68.2 0 0 31.8 
2
 
The 4BaO·CaO·Al2O3 (411) material used in these experiments was prepared by Semi
Associates in Lexington, Kentucky. 
The powders were combined in the proper ratio in a molybdenum mill with tung-
sten rods and dry milled for two hours at a speed appropriate for optimum mixing.
con 
  The 
powder was then transferred to alumina boats for calcining.  Because some sintering oc-
curs during the calcination process, the powder was lightly tamped into the boat, then 
scribed into one-centimeter squares with a razor blade; this allowed each section of cal-
cined powder to be easily removed for further processing.  Flat pieces of alumina were 
 32
placed on top of alumina spacers on the boats to cover the powder yet still permit ade-
quate air circulation during calcination.   
 The boats were placed in a Keith bottom-loading furnace, equipped with MoSi2 
elements, where they were heated at 10°C/min to 1200°C, held at temperature for 50 
hours, and cooled at 5°C/min to 200°C.  To minimize water absorption, the boats were 
removed from the furnace at 200°C and stored in a vacuum desiccator.  X-ray analysis 
was used to con ns. 
X-Ray Analysis of Barium Source Materials




 The barium compounds used in this proje are hygroscopic, so they tend to pick 
up a signific e-




e the mineral oil was beneficial in preventing hydration of the sample, excess 
oil coul t 
ct 
ant amount of moisture during a typical two-hour x-ray diffraction run.  B
c
shifts in the locations of the peaks in the x-ray pattern.  Absorption also tends to 
cause broadening of the peaks which also reduces peak intensities.  While shortening th
time of the run could allow the sample to be scanned before there was significant hydra-
tion, this would also reduce the resolution of the peaks.  Therefore, it was desired to find 
a way to prevent hydration of the material so that a longer run could be performed.  Coa
ing the barium compounds with mineral oil prevented hydration of the material and there-
fore led to a higher quality x-ray diffraction pattern. 
 Whil
d decrease the resolution of the peaks by absorbing the x-ray beam.  Therefore, i
was necessary to determine the minimum amount of mineral oil needed to prevent hydra-
tion of the sample.  After several trials, it was discovered that the best quality diffraction 
 33
pattern was obtained by adding 8 drops of mineral oil for every 1 gram of the sample 
powder.  The barium compound was ground with a mortar and pestle, the desired amount 
of mineral oil was added, and then the mixture was stirred by hand.  The mixture was 
then coated on a cover glass placed in a bulk x-ray sample holder, and x-ray diffraction 
analysis was performed using a Philips PW 1800 Automated Powder Diffractometer. 
  
Environmental Stability of Barium Source Materials 
The candidate barium source materials were analyzed using thermogravimetric 




150 mg weight change.  A pic-
re of the TGA used for the environmental experiments is shown in Figures 3.2. 
olled atmospheres consisting of air with dew points of –15
corresponding to a RT (circa 22ºC) relative humidity of 7% and 50%, respectively.  The
five barium source materials selected for study in this experiment were B3A, 612, B4ASSL, 
411, and Ba3Sc4O9. 
Pellets were formed on a Carver press by applying ~15,000 psi of pressure to ap-
proximately 0.4 g of the barium compound in a ¼” die.  The pellet was placed on a plati-
num boat that was set inside a wire stirrup.  The stirrup was then hung from a platinum
suspension wire that was connected to the Cahn D-200 Digital Recording Balance as 
shown in Figure 3.1.  The port on the balance used during the experiments has the follo











Figure 3.2. Picture of the TGA Setup for the Environmental Experiments 
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Before starting the experiment, the pellet, boat, and wire stirrup were weighed on 
a Denver Instrument balance having a sensitivity of 0.1 mg.  After the pellet, boat, and 
stirrup were suspended from the Cahn balance, the furnace was moved up around the 
sample.  Glass tubing was secured with clamps to seal the system.  Ceramic fiber insula-
tion was placed between the top of the furnace and the structural frame in order to pro-
ide thermal isolation.  An aluminum heat exchanger was placed on the structural frame 
emperature fluctuations that could introduce instrumental error into 
the resu
 dew point of -15ºC (~ 7% relative hu-
midity at room temperature), was used to provide a low-humidity environment, while the 
same air, flowed through a bubbler, was mixed with the “dry” air to achieve a controlled, 
intermediate-humidity environment with a dew point of 11ºC (~ 50% relative humidity at 
room temperature).  The total gas flow rate in each case was maintained at a level of 230 
ml/min.  The dew point was continually monitored throughout each run with an hygrome-
ter in the exit gas stream.  In order to remove any moisture that was already present in the 
material, the sample was heated to 700ºC for 8 hours before the weight gain measure-
ments began.  Each sample was then cooled and held at room temperature for approxi-
mately 60 hours while weight measurements were recorded.  
 
v
in order to prevent t
lts. 
Compressed air (ultra zero grade), with a
Accelerated Reactions Between the 612 Material and W 
 The rate of reaction between a barium calcium aluminate material and tungsten 
to 
was studied in a reservoir hollow cathode environment.  Mixtures of the 612 material and 
W were sealed inside molybdenum capsules with porous tungsten closures and heated 
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1000ºC, 1200ºC and 1300ºC for extended periods of time.  Quantitative x-ray diffraction 
analysis was then used to determine the amount of reaction products present in the sam-
ples, which was used to study the reaction kinetics.  Short pieces of W wire were also 
placed of 
nd barium source material.   
 
Sample Preparation
in the capsules, surrounded by the powder mixtures.  By viewing cross sections 
the wires with the Scanning Electron Microscope, it was desired to study the reaction 
layer between the W wires a
 
A sche ac-
celerated test studies are shown in Figures 3.3 and 3.4: 
matic and picture of the molybdenum capsules that were used for the 
 
  
Figure 3.3. Schematic of the Capsule used for Accelerated Testing. 
 
The tungsten closures on top of the capsules had a density of 80%. 
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Figure 3.4. Picture of the Capsule used for Accelerated Testing. 
 
To prepare the materials to put inside the reaction capsules, equal weights of the 
612 material and W were mixed with a mortar and pestle in order to make a mixture that 
was 50 wt% of the 612 material and 50 wt% W .  Tungsten wire of 0.005” diameter was 




.  The bottom closures were snapped into place, and then 
the parts were vacuum-sealed and sent to Semicon Associates where the bottom closures 
as oxidation around the site of the 
welds, 
mately 1 hour.     
Pellets were formed using a Carver press by applying ~1500 lbs of force (30,000 
psi) to approximately 0.87 g of the powder mixture in a ¼” die.  Additional pellets were 
also formed in the same manner with six pieces of the W wire interspersed throughout the
powder.  Seven of the molybdenum reaction capsules were filled by stacking one 612/W
powder pellet, one 612/W pellet with wires, and then one 612/W powder pellet on top 
one another inside the capsule
were laser welded to the capsules.  Because there w




A tube furnace with silicon carbide heating elements was used for the reaction-





The samples were placed inside a 36” long mullite tube with an inner diameter of 1 ¼” 
which was inserted into the furnace and sealed with end-plates on both ends.  On one 
end-plate, there was a gas outlet which led to an Alcatel turbo pump with a diaphragm 
backing pump.  A Varian 880 RS ion gauge was used to monitor pressure in the system.  
A Type-S thermocouple was placed in the center of the furnace and used to monitor the 
temperature of the sample. 
Samples 1-6 were loaded into the furnace upright in a carrier fashioned from a 
piece of molybdenum foil, while Sample 7 was loaded on its side in a molybdenum car-
rier as shown in Figure 3.6: 




Figure 3.6.  Sample 7 Loaded on its Side in a Molybdenum Carrier. 
react with the W at ele-
vated temperatures.  The samples were then heated at 2ºC/min up to 700 ºC and then 
 
Ceramic insulators were placed on either side of the sample inside the furnace to act as 
heat shields, and then the end plate was put into place to seal the system.  A vacuum was 
then drawn on the furnace tube, and the pressure in the system eventually stabilized 
around 2x10-6 torr.   
The samples were heated at 3ºC/min to 200ºC where they were held for 480 min-
utes to remove water and CO2 from the samples so they did not 
5ºC/min up to the desired temperature where they were held for 100, 200, or 400 hours.  






Table 3.3. Experimental Parameters for the Accelerated Tests 
Sample Temperature (ºC) Time (hrs) 
1 1300 100 
2 1300 400 
3 1300 200 
4 1200 100 
5 1200 400 
6 1200 200 
7 1000 100 
 
At the end of the experiments, the samples were first cooled at 10ºC to 800ºC and 
then at the natural cooling rate to prevent cracking of the alumina tube.  After the samples 
were cooled, they were removed from the furnace.  A pair of pliers was used to remove 
the end closure from the reaction capsule, and the pellets were stored in a vacuum desic-
cator until characterization was performed.  
 
Qualitative X-ray Diffraction Analysis 
 A portion of each of the pellets in the reaction capsules was analyzed using quali-
tative analysis.  The material was mixed with a proper amount of mineral oil to prevent
hydration and then spread on a cover glass set in a bulk sample holder.  X-ray diffraction 
analysis was performed using a Philips PW1800 Automated Diffractometer with a Cu 
radiation source.  The samples were scanned from 15º - 85º 2θ for 2 seconds per step, 
with a step size of 0.015º 2θ. 
 
 
Preparation of Materials for the X-Ray Standards 
Before quantitative analysis could be performed on the samples, it was necessary
to create samples of the reaction products BaAl O  and Ba CaWO .  As with the barium 
 
2 4 2 6
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source materials, it was necessary to look at the formation reactions in order to determine
the percentage of the raw materials needed to form the desired end product.  The follow-
ing reaction occurs to form BaAl O
 
4:  
BaCO3 + Al2O3 → BaAl2O4 + CO2. 
As shown in the reaction, the ratio of moles of BaCO3 to moles of Al2O3 must be 1:1.  
The weight percents of the raw materials needed to form BaAl2O4 are calculated to be 
65.9 wt% BaCO3 and 34.1 wt% Al2O3.  The BaAl2O4 was processed in the same way as 
the barium source materials using an identical heating schedule. 
The following reaction occurs to form Ba2CaWO6: 
2BaCO3 + CaCO3 + W + 3/2O2 → Ba2CaWO6 + 3CO2. 
The ratio of the moles of BaCO3 to CaCO3 to W must be 2:1:1, and the corresponding 
weight percents of the ra e calculated to be 58.1 
wt% BaCO3, 14.7 wt% CaCO3, and 27.2 wt% W.  
Rather than using the molybdenum m l, the raw materials for the barium calcium 
tungstate were mixed by hand with a mortar a d pestle.  The samples were held at 750ºC 
for six hours in order fo  heated to 1100ºC for 
6 hours.  Once again, x-ray analysis was used to confirm that the desired products 
formed during the calcination reactions. 
 
 
Quantitative X-Ray Diffraction Analysis
2
w materials needed to form Ba2CaWO6 ar
il
n
r the tungsten to oxidize, and then they were
3
 
After heating, quantitative x-ray diffraction analysis was used to determine the 
amount of reactants and products that were present in the samples.  In quantitative analy-
sis, the intensity of a diffraction peak corresponding to a particular phase in a mixture is 
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used to determine the conce .  In this case, the internal 
standard method of quantitative analysis was
an internal standard is mixed with each powder sample.   The integrated intensity of one 
of the internal standard peaks is compared to the integrated intensity of a diffraction peak 
corresponding to the he original sample 
(wA) is calculated using the following equation: 
ntration of that phase in the mixture
 utilized in which a known concentration of 
 phase of interest A.  The weight fraction of A in t
A
S
A wKI ⋅=  
where I
I
rd phase, and K is a constant. 
l for a standard, there are two important factors to consider.  
he standard material should have a similar mass absorption coefficient (MAC) to the 
MAC of the phases being identified, and the standard must contain a diffraction peak that 
does not overlap peaks in the phases of interest.  It was therefore necessary to find a stan-
dard material with a MAC value close to those of the reaction products BaAl2O4, BaWO4, 
and Ba CaWO .  In order to calculate the MAC of a compound (µ/ρ), the weight fraction 
of each element 1, 2, etc., is multiplied by the element’s MAC: 
A is the intensity of a particular peak from phase A, IS is the intensity of a particu-
lar peak from the standa























Using this equation and the MAC values for the elements using Cu Kα radiation listed in 
Appendix 8 of Cullity’s Elements of X-Ray Diffraction,  the MAC’s for BaAl2O4, Ba-
WO4, and Ba2CaWO6 were calculated to be 194.2 cm /g, 203.0 cm /g, and 226.21 cm /g, 
respectively.  The standard material which was selected for these experiments is Ag, 
whose MAC is listed in Appendix 8 as 218.1 cm2/g for Cu Kα radiation.  Not only is its 
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MAC value similar to those of the predicted reaction products, but Ag has a peak with a 
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 20 wt% Ag was mixed 
into the sample by hand at the end.  Eight drops of mineral oil was added per gram of 
powder to prevent hydration of the materials. 
Using the APD software, quantitative analysis programs and corresponding cali-
bration sets were made for BaAl2O4, Ba2CaWO6, W, and the 612 material.   The follow-
ing diffraction peaks were selected to identify the starting materials and reaction prod-
ucts: BaAl2O4 – 19.45º, Ba2CaWO6 – 53.51º, W – 40.42º, and the 612 material – 31.38º.  
Each quantitative analysis program scanned the sample from 44.2º - 44.7º with a step size 
of 0.01 and measurement time of 5 s per step in order to obtain the silver peak.  Each 
program also scanned a range of ~0.8º 2θ around the peak of interest for that phase with a 
step size of 0.01º 2θ and measurement time of 5 s per step.  Samples were run with four 
different concentrations of the 612 material, BaAl2O4, Ba2CaWO6, and W and 20% Ag.  
Using this information, it was possible to create calibration sets by plotting the relative 
re
dicted reaction products, the 612 material, or W. 
Before quantitative analysis can be performed, it is necessary to create calibration 
sets by running samples with known quantities of analyte and standard.  From qualitative 
analysis of the samples, the reaction products were identified to be BaAl O  and 
Ba CaWO .  It was decided to quantify the amount of the starting materials, the 612 ma
terial and W, and the reaction products, BaAl O  and Ba CaWO , present in the samples. 
The desired amounts of the 612 material, BaAl O , Ba CaWO , and W were weighed out 
and then ground with a mortar and pestle.  Preliminary results showed that grinding the 
Ag caused strain in the powder that broadened its x-ray peaks, so
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integrated intensity (integrated intensi f interest divided by the integrated 
intensity of the Ag peak) vs. tration of the phase of in-
terest divided by the concentration of Ag, 20%).  The calibration sets for the four materi-
ty of the peak o
 the relative concentration (concen
als are shown in Figures 3.7-3.10. 
 
 












Figure 3.10. Calibration Set for the 612 Material. 
 
Once the samples were heated in the reaction capsules, a portion of each pellet 
was mixed with 20 wt% Ag and mineral oil.  The quantitative analysis programs were run 
in order to calculate the concentrations of BaAl O , Ba CaWO , W, and the 612 material 
in each of the samples. 




 Semi-quantitative analysis was used as an additional means to quantify the reac-
tion products of the accelerated tests.  In semi-quantitative analysis, the intensity of the 
stronge  
 litative scans of samples of 50 wt% Al2O3 and 50 wt% of the phases of 
interest were obtained in order to calibrate the system.  Then, the X’Pert HighScore soft-
ware was used to perform the semi-quantitative analysis using the qualitative x-ray scans 
for the different samples which were described previously.  Before the analysis began, 
the software was used to convert the data from adjustable to fixed aperture, and the α2 
peaks were stripped from the patterns. 
 
Scanning Electron Microscopy
st peak in the phase of interest was compared to the intensity of the strongest line
of alumina, forming the Reference Intensity Ratio (RIR).  Using this method, it was pos-
sible to estimate the mass fractions of the phases present, assuming that the sum of all 




By cope, it 
d 
 dilute 
mixture of Murakami’s reagent and alumina powder.  The Murakami’s reagent was made 
 viewing cross sections of the wires with the Scanning Electron Micros
was desired to study the reaction layer between the W wires and the the 612 material.  
The wires were placed inside thermocouple tubing and then mounted in epoxy.  The 
samples were ground with kerosene on 320, 600, and 1200 grit papers and then polishe
with 3 mm diamond paste (Struers).  After the samples were initially viewed in the Hi-
tachi S-800 SEM, further polishing and etching of the surface was obtained with a
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with 10   parts distilled water, 1 part K3Fe(CN)8, and 1 part NaOH.  The samples were then
viewed again in the Hitachi S-800 SEM for further analysis. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
rce 
ally, the data is fit to a reaction rate model; several factors are discussed which could 
affect the rate of reaction in the capsules; and published evaporation rates of Ba are used 
to 
Environmental Stability of Barium Source Materials
 
 In this chapter, the results of the thermogravimetric analysis of the barium sou
materials are presented as plots of percent weight gain vs. time in both the low- and in-
termediate-humidity environments.  In addition, the results of the qualitative, quantita-
tive, and semi-quantitative x-ray diffraction analyses are presented, along with proposed 
reaction sequences for the mixture of the 612 material and tungsten in the cathode.  Fi-
n
predict cathode lifetime. 
 
 
Thermogravimetric analysis was used to study the sensitivity of several barium 
compounds to moisture in the atmosphere in order to evaluate their suitability for use as 
barium source materials.  Weight gain of the samples was measured as they were exposed 
to both low- and intermediate-humidity environments.   
During each experiment, the temperature and mass lost were recorded as a func-
tion of time.  Figure 4.1 shows temperature and mass lost plotted as a function of time for 
the 4BaO·CaO·Al2O3 material (411) at a dew point of –15ºC.  It is evident that the 411 
material lost mass as it was heated and held at 700°C, and then gained mass as it was 
cooled and held at room temperature.  Figure 4.2 is a plot of the rate of change in the 



































Figure 4.1. Temperature and Mass Lost vs. Time for the 411 Material  





































Because the material had been exposed to some atmospheric moisture during handling 
prior to the start of the experiment, dehydration of the 411 material could be observed as 
it was heated to 700°C.  The material appeared to lose water in several stages, which 
agrees with results reported by Ahmed and Glasser17 as well as Habashy and Kolta.18  
ased on results reported by Habashy and Kolta, the initial peak in the dm/dt curve at 
approximately 1 to 
Ba(OH
on 
e to form BaO.16 
Even after the sample was held at 700°C for 8 hours, the sample was still losing 
0°C for 30 hours 
to determ
B
40°C corresponds to the decomposition of Ba(OH)2·8H2O 
)2·2H2O or Ba(OH)2·H2O.  The second peak in the dm/dt curve at approximately 
335°C corresponds to the decomposition of the Ba(OH)2·2H2O or Ba(OH)2·H2O to form 
anhydrous barium hydroxide.  Finally, the peak at 450ºC corresponds to the dehydrati
of anhydrous barium hydroxid
mass.  Therefore, the experiment was repeated holding the sample at 70
ine at what point the weight loss might stabilize.  Figure 4.3 shows temperature 
and mass lost plotted as a function of time for the 411 material at a dew point of –15ºC.  
 
0





































at a Dew Point of -15ºC. 
Figure 4.3. Temperature and Mass Lost vs. Time for the 411 Material  
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Even after holding at 700°C for 30 hours, the sample was still losing mass.  At this point 
one would expect that all of the water of hydration had been removed from the materia
so the continued weight loss was attributed to evaporation of barium oxide.  Based on 
these results, it was deemed sufficient to hold the
l, 
 samples for just 8 hours at 700ºC in 
subsequent experiments in order to insure that the material was fully dehydrated. 
The sample began to pick up moisture as it was cooled from 700°C to room tem-
perature.  Figure 4.4 shows the rate of change in mass upon cooling plotted as a function 




























Figure 4.4. Rate of Change in Mass Plotted vs. Temperature During Cooling for the 
411 Material at a Dew Point of –15ºC. 
 
The 411 material picked up moisture at the greatest rate at a temperature of approxi-
mately 300°C.  The amount of mass gained while the material was cooled and held at 
room temperature was calculated as a percentage of the original mass of the material. 
the 411 material at a dew point of –15ºC.  








































Figure 4.5. Temperature and Percent Weight Gain Plotted vs. Time for the 411 
Material at a Dew Point of –15ºC. 
 
The experiment was repeated for the other four source materials, and the percent weight 
gain vs. time for all five materials is plotted in Figure 4.6.  An expanded view of the per-
cent weight gain for the barium source materials at a dew point of –15ºC is shown in Fig-
ure 4.7.   
It is evident in Figure 4.6 that B3A was the least stable in the presence of water 
vapor, having gained 1.68% by 60 hours.  The other four barium source materials all 
gained less than 0.4% in a similar time frame.  The difference between the performance 
of the B3A and the barium calcium aluminates (612, 411, and B4ASSL) is evidently attrib-
utable to the presence of calcium.  The addition of calcium in solid solution form appar-










































Source Materials at a Dew Point of –15ºC. 
 











































Figure 4.7. Expanded View of the Temperature and Percent Weight Gain Plotted vs. 
Time for Five Barium Source Materials at a Dew Point of –15ºC. 
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In the case of the three barium calcium aluminates, the percent weight gain de-
creases with increasing calcium content, suggesting that additional calcium as solid solu-
tion increased the stability of the material. Unlike the other barium calcium aluminates, 
the 411 material initially gained weight at a rapid rate and then leveled off at a much 
slower rate.  This difference in behavior can be explained by the presence of free BaO in 
the 411 material.  The BaO is extremely reactive and hydrates quickly, which led to the 
initial rapid weight gain.  Once the BaO had completely hydrated, the remaining solid 
solution materials hydrated at a much slower rate, similar to that of the 612 and B4ASSL 
solid solutions. 
The experiment was repeated at a dew point of 11ºC for each of the barium source 
materials.  Figure 4.8 shows the percent weight gain plotted as a function of time for the 
s
 








































Figure 4.8. Temperature and Percent Weight Gain Plotted vs. Time for Five Barium 
Source Materials at a Dew Point of 11ºC. 
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While the materials had gained between 0.4-1.7% at 60 hours at a dew point of –
1
significant weight gain after exposure to an intermediate-humidity shows the importance 
of handling the source material in a controlled environment prior to use in the cathode.  
Again, the behavior of the B3A varied from the behavior of the barium calcium alumi-
nates. The presence of calcium increased the stability of the B4ASSL, 411, and the 612 ma-
terial which reduced their percent weight gain significantly compared to that of the B3A.  
Note that the Ba3Sc4O9 was only moderately stable at low-humidity, but was extremely 
stable, relative to the barium calcium aluminates, in intermediate-humidity conditions.  
While this material appears to be an excellent choice from an environmental standpoint, 
more work needs to be done to determine if it is reactive enough with W to produce an 
adequate Ba supply. 
 
Accelerated Reactions Between the 612 Material and W 
5ºC, the weight gain increased to 21-32% over 60 hours at a dew point of 11ºC.  This 
 
As discussed in Chapters 1 and 3, experiments were performed to study the reac-
tion between the 612 material and tungsten in a simulated reservoir hollow cathode envi-
ronment.  The reaction products were analyzed by qualitative, quantitative, and semi-
quantitative x-ray diffraction. 
 
Qualitative X-ray Diffraction Analysis Results for the 1000ºC Sample 
X-ray analysis of the sample run at 1000ºC for 100 hours showed the contents of 
the capsule to be W, BaAl2O4, Ba2CaWO6, Ba3WO6, and a B3A solid solution with 10% 
CaO.  At temperatures below 1200ºC, the 612 material is composed of three phases: a 
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B3A solid solution phase with 10% CaO which has the formula Ba2.6Ca 0.4Al2O6 and two 
4A solid solution phases.  However, the solid solubility of CaO changes as the tempera-
re is increased, and at temperatures above 1200ºC the 612 material is composed of the 
3A solid solution phase and only one B4A solid solution phase with 12% CaO which has 
the formula Ba3.4Ca0.6Al2O7.   
 While all of the B4A solid solution phase appears to have reacted in the various 
samples, some of the B3A solid solution still remained.  As a general rule, the reactivity 
of barium calcium aluminate materials increases with increasing BaO content.  Con-
versely, the substitution of Ca for Ba atoms tends to create more stable compounds which 
are less reactive.52  Because the B4A solid solution had a higher BaO content than the 
B3A solid solution, while both had similar calcium contents, the B4A solid solution re-
acted more rapidly than the B3A solid solution.   
 The x-ray diffraction patterns for the bottom pellet of the capsule heated to 
1000ºC for 100 hours is shown in Figures 4.9.  An expanded view of the diffraction pat-
te
Figure 4.10.  A proposed reaction sequence for the reaction of the 612 material with W to 
form BaAl2O4, Ba2CaWO6, and Ba3WO6 in the 1000 ºC sample will be presented under 
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Figure 4.9. Diffraction Pattern for the Bottom Pellet of the Capsule Heated to 1000ºC for 
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Figure 4.10. Expanded View of the Diffraction Pattern for the Bottom Pellet of the Cap-
sule Heated to 1000ºC for 100 Hours where A = the B3A solid solution with 10% CaO, C 
= BaAl2O4, and D = Ba2CaWO6, and E = Ba3WO6. 


















Qualitative X-ray Diffraction Analysis Results for the 1200ºC and 1300ºC Samples 
X-ray analysis of the samples run at 1200ºC and 1300ºC for 100, 200, and 400 
hours showed the contents of the capsules to be W, BaAl2O4, Ba2CaWO6, and a B3A 
solid solution with 10% CaO.    The x-ray diffraction patterns for the bottom and top pel-




























 the Capsule Heated to 1200ºC 










Figure 4.11. Diffraction Pattern for the Bottom Pellet of
3 2 4
















400 Hours where A = the B3A solid solution, B = W, C = BaAl2O4, and D = Ba2CaWO6. 
2CaWO6, 
and B3A  pellets of the sample 
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Scattering Angle (degrees 2Θ)  
Figure 4.12. Diffraction Pattern for the Top Pellet of the Capsule Heated to 1200ºC for
 
 
A comparison between the 100% intensity peaks for the BaAl2O4, Ba
 solid solution phase with 10% CaO for the bottom and top
or 400 hours is shown in Figure 4.13.  It is apparent fr
that after heating, the top pellet contained a higher concentration of the starting material
the B3A solid solution, while the bottom pellet contained a higher concentration of the 
reaction products, BaAl2O4 and Ba2CaWO6.  The x-ray diffraction patterns for the top 
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Figure 4.13. Comparison Between the Bottom and Top Pellets of the Capsule Heated to 
1200ºC for 400 Hours where A = the B3A solid solution with 10% CaO, B = W, C = 
























15 25 65 75 85

































Figure 4.14. Diffraction Pattern for the Top Pellet of the Capsule Heated to 1200ºC for 
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Figure 4.15. Diffraction Pattern for the Top Pel  the Capsu ted to 1  for 
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Figure 4.16. Diffraction Pattern for the Top Pellet of the Capsule Heated to 1300ºC for 
100 Hours where A = the B
200
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200 Hours where A = the B3A solid solution, B = W, C = BaAl2O4, and D = Ba2CaWO6. 
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Figure 4.18. Diffraction Pattern for the Top Pellet of the Capsule Heated to 1300ºC for 








Based o ples heated 
to 1200ºC and 1300ºC, the following reaction is proposed for the 612 material and tung-
sten: 
Ba6CaAl4O13 + W + 0.5O2 → Ba 6 + 2BaAl2O4 + 2Ba(g). 
The reaction ca s of the 612 
material: 
 Ba3.4Ca0.6Al2O7 + 0.6W  + 0.3O2 → BaAl2O4 + 0.6Ba2CaWO6 + 1.2Ba(g) 
 
n the qualitative x-ray diffraction analysis results for the sam
2CaWO
n also be broken down between the two solid solution phase


















It is believed that BaAl2O4 is a final reaction product which will not continue to react to 
produce barium vapor.  This assumption is based on the activation energy for the thermal 
decomposition of BaAl2O4 to form BaO and BaAl12O19 which is reported by Lipeles and 
Kan52 to be 129 kcal/mole over the 900 – 1250ºC range of cathode operation.  Because it 
would require such a high activation energy to decompose BaAl2O4, it has been assumed 
that at the estimated service temperature of 1100-1200ºC, BaAl2O4 is a final reaction 
product.   
he proposed reactions require a source of O2 in order to proceed.  Because the 
reactions were run in vacuum, there should not have been sufficient O2 in the atmosphere 
to contribute to the reactions.  There are two possible sources that could have provided 
the O2 necessary for the reactions.  First of all, it is assumed that there was O2 adsorbed 
on the surface of the tungsten powder in the capsules.  Also, there may have been water 
vapor in the hygroscopic 612 material that supplied oxygen to the reaction. 
The following reaction is proposed for Ba2CaWO6 and W: 
Ba2CaWO6 + O2 + W → BaWO4 + CaWO4 + Ba(g). 
There are several reasons to believe that Ba2CaWO6 is an intermediate phase which re-
acts further with the tungsten to produce barium vapor.  First of all, Suitch32 observed 
BaWO4 as a major reaction product after heating mixtures of 15 wt% of the 612 material 
and 85 wt% W at 1100ºC in air.  Also Shroff et al. mpreg-
nated with barium calcium aluminates and identified the major reaction products to be 
BaAl2O4, BaWO4, and CaWO4.  While the samples run in these experiments don’t show 
any evidence of the form 4 4 e reaction 
 after an extended period of time. 
T
23 heated tungsten filaments i
ation of BaWO  and CaWO , it is believed that thes
products would eventually have formed
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Quantitative X-Ray Diffraction Analysis Results 
Quantitative analysis was performed in order to determine the amount of the 612 
material, BaAl2O4, Ba2CaWO6, and W that were present in the reacted samples.  Exam
ples of the x-ray diffraction scans for the peaks of BaAl
-
2O4, Ba2CaWO6, W and Ag 
which were used to calculate the percentages of BaAl2O4, Ba2CaWO6, and W in the bot-





























Figure 4.19. X-Ray Scan for the BaAl2O4 Peak in the Bottom Pellet of the Capsule 
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Figure 4.20. X-Ray Scan for the Ba WO6 Peak in the Bottom Pellet of the Capsule 
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Figure 4.21. X-Ray Scan for the W Peak in the Bottom Pellet of the Capsule Heated to 
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found to be present in any of the samples. 
Scattering Angle (degrees 2Θ)
gure 4. 2. X-R y Scan he Ag P  the Botto ellet of the C e Hea
1 00ºC or 400 ours 
Tw sam e thr ell in the ven lybd m c
e av ge valu re n in able 4  T easu  ph  inten ies a
c ate se pe tag for al  the antit e 
While quantitative analysis was performe
not been included in this analysis.  The peak selected to identify the 612 material in the 
formation of the calibration set corresponded to a peak of the B4A solid solution phase in
the 612 material.  Because all of the B4A solid solution reacted in the accelerated test 
samples, the quantitative analysis program indicated that no 612 material remained in the 
samples.  However, it is known that some of the B3A solid solution actually remained in
the samples.  Quantitative analysis was also performed on the BaWO4 phase, and these 
results have likewise been excluded from this analysis because the material was not 
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Table 4.1 Quantitative Analysis Results for the Accelerated Reaction Tests 
Temp. (ºC) Time (hrs) Pellet % BaAl2O4 % Ba2CaWO6 %W 
1000 100 Bottom 5.1 9.4 67.5 
  Middle 4.4 12.8 12.8 
  Top 2.3 10.0 83.2 
1200 100 Bottom 9.2 18.1 45.4 
  Middle 5.6 10.8 27.8 
  Top 4.1 10.6 41.3 
1200 200 Bottom 16.3 31.4 69.7 
  Middle 11.7 21.1 54.0 
  Top 7.6 13.9 42.6 
1200 400 Bottom 11.5 20.8 58.1 
  Middle 7.3 19.5 49.6 
  Top 6.9 15.6 48.1 
1300 100 Bottom 10.6 21.6 46.4 
  Middle 10.1 20.6 47.9 
  Top 6.0 12.6 27.0 
1300 200 Bottom 7.9 18.0 25.8 
  Middle 4.6 11.1 35.9 
  Top 2.0 7.9 20.4 
1300 400 Bottom 11.3 23.4 36.5 
  Middle 9.9 19.3 49.4 
  Top 6.3 16.4 30.9 
 
While the quantitative results did appear to be fairly consistent for the runs per-
formed on the same samples, there was natural variation due to the fact that each x-ray 
scan only analyzed a small amount of powder spread on a cover glass.  Another factor 
that surely contributed to the variations is the fact that the analysis was being used to 
quantify small amounts of material in the presence of large amounts of tungsten which is 
a strong absorber of x-rays. 
Inconsistencies in the calculated tungsten concentrations may be attributed to 
overlap of the tungsten peak selected for quantitative analysis at 40.3º 2θ by a 25% inten-
sity BaAl2O4 peak at 40.1º 2θ.  When the calibration set for the W was originally estab-
lished, it was believed that the BaAl2O4 phase would be present in such small amounts in 
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the reaction products that a 25% intensity peak would not significantly contribute to the 
measured W peak.  However, the reaction proceeded to a further extent than was origi-
nally anticipated, and it is possible that the presence of the BaAl2O4 peak introduced error 
into the calculation of the W concentrations. 
 
Variations Between the Pellets in the Molybdenum Capsules 
For most of the samples, it appears that the bottom pellet reacted to the furthest 
extent while the top pellet reacted to the least extent.  Once again, the “bottom” pellet re-
fers to the pellet closest to the laser-welded end, while the “top” pellet refers to the pellet 
closest to the porous tungsten plate. 
pellets in the capsules.  First of all, it is possi le that there was a radial temperature gradi-
ent in the furnace, which placed the bottom pe er temperature than the top 
p
the thermocouple monitoring temperature in e system, while the bottom pellet in the 
capsule
ellets were placed in this configuration, the same trend was still ob-
tion 
There are at least two possible explanations for the variable composition of the 
b
llet at a high
ellet.  The top pellet in the capsule was located near the center of the furnace tube near 
th
 was sitting very close to the alumina tube.  If the temperature of the tube itself 
was higher than the temperature at the center of the tube, this may help to explain why 
the bottom pellets reacted to a further extent than the top pellets.   
In order to test this theory, sample 7 was loaded into the furnace on its side in a 
carrier which placed it directly in the center of the tube.  The results in Table 4.1 show 
that even when the p
served between the extent of reaction in the bottom, middle, and top pellets.  Therefore, 
while it is still possible that there was a temperature gradient that caused some varia
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in the pellets, there must be another factor which contributed to the difference in the ex
tent of reaction in the pellets. 
 Another factor that could have affected the rate of reaction in the pellets was 
presence of moisture in the hygroscopic 612 material.  It is possible that the presence 
oxygen in the form of water vapor in the 612 material could have driven the first pro-
posed reaction to proceed more rapidly.  Because the top pellets were closest to the po-
rous W plate, the vacuum pump may have removed water vapor most readily from the 




ottom pellets.  Therefore, there would 
have be d 
uantitative results for the top pellets 
s that would be obtained in a reservoir hollow cath-
ode.   
en the least amount of oxygen available to drive the reaction in the top pellets an
the greatest amount of oxygen available in the bottom pellets.  Assuming that was the 
case, this would explain why the top pellets reacted to the least extent, while the bottom 
pellets reacted to the furthest extent.   Because it was believed that the top pellets should 
have been closest to the set point temperature and also should have had the least amount 
of water vapor present, it was assumed that the q
were the most indicative of the result
 
Formation of BaAl2O4 and Ba2CaWO6 with Time 
A plot of the percent BaAl O formed vs. time at 1200ºC for the bottom, middle, 
and top pellets is shown in Figure 4.23, and a plot of the percent BaAl O formed vs. time 
























































A plot of the percent Ba2CaWO6 formed vs. time at 1200ºC for the bottom, mid-
dle, and top pellets is shown in Figure 4.25, and a plot of the percent Ba2CaWO6 formed 
vs. time at 1300ºC for the bottom, middle, and top pellets is shown in Figure 4.26.  The 
percentage of the reaction products BaAl2O4 and Ba2CaWO6 formed in the samples run at 
1200ºC increased 00 hours.  How-
ever, the percentage of the reaction products BaAl2O4 and Ba2CaWO6 formed in the sam-
 from 100 to 200 hours and the decreased from 200 to 4
ples run at 1300ºC decreased from 100 to 200 hours and then increased from 200 to 400 

















































Figure 4.26. Percent Ba2CaWO6 Formed vs. Time at 1300ºC. 
 
Because BaAl2O4 is assumed to be a final reaction product based on the high acti-
vation energy of its decomposition reaction, it was expected that the amount of this mate-






that the amount of Ba2CaWO6 increased from 100 to 200 hours as the reaction between 
the 612 material and W progressed, and then the concentration of Ba2CaWO6 decreased 
er, neither the samples run at 1200ºC nor the samples run at 1300ºC showed an 
increase in the formation of BaAl2O4 with time.  With the current amount of experimen
data, it is not possible to speculate which data points may be invalid.  Further experimen-
tal work needs to be done to repeat the measurements at 1200ºC and 1300ºC for 100, 200,
400 hour in order to establish a clearer trend in the data. 
The Ba2CaWO6 may be an intermediate phase, so it was not clear whether the 
amount of Ba2CaWO6 would increase with time or would initially increase and then
crease as the Ba2CaWO6 started to react with W.  For the samples at 1200ºC, it is possibl
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from 200 to 400 hours as the Ba2CaWO6 reacted with W.  However, the results at 1300
are not consistent with this trend, and i
ºC 
t is not evident why the amount of Ba2CaWO6 
should have decreased from 100 to 200 hours and then increased from 200 to 400 hours.  
Again, further experimental work needs to be done in repeating these experiments to 
learn how the concentration of Ba2CaWO6 varies with time. 
 
Semi-Quantitative X-Ray Analysis Results 
Semi-quantitative x-ray analysis was performed on the X’Pert HighScore soft-








Pellet %B3ASS % BaAl2O4 % Ba2CaWO6 %W 
ative results are summarized in Table 4.2, and the results for the top pellets at 
1200ºC and 1300ºC are plotted in Figures 4.27 and 4.28.  The semi-quantitative results 
are then compared to the quantitative results in Table 4.3. 
 
Table 4.2. Semi-Quantitative Results for the Accelerated Test Samples Run at 1200ºC
 
(ºC)
1200 100 Bottom 26 11 17 46 
  Top 42 6 10 42 
1200 200 Bottom 22 10 17 50 
  Top 39 3 11 47 
1200 400 Bottom 22 9 17 52 
  Top 50 3 8 39 
1300 100 Bottom 26 6 15 53 
  Top 43 6 11 40 
1300 200 Bottom 36 6 10 48 
  Top 55 3 8 35 
1300 400 Bottom 17 10 16 57 
  Top 38 3 11 48 
 































































sults for the Accelerated Test Samples Run at 1200ºC and 1300ºC 
%B3ASS % BaAl2O4 % Ba2CaWO6 %W 
 100 hours 200 hours 400 hours 
Figure 4.28. Semi-Quantitative Analysis Results for the Samples Run at 1300ºC. 
 
Table 4.3. Comparison Between the Semi-Quantitative Results and the Quantitative Re-
 
Temp. Time Pellet 








120  100 Bottom  26 9.2 11 18.1 17 45.4 46 0
  Top  42 4.1 6 10.6 10 41.3 42 
1200 200 Bottom  22 16.3 10 31.4 17 69.7 50 
  Top  39 7.6 3 13.9 11 42.6 47 
1200 400 Bottom  22 11.5 9 20.8 17 58.1 52 
  Top  50 6.9 3 15.6 8 48.1 39 
1300 100 Bottom  26 10.6 6 21.6 15 46.4 53 
 Top  43 6.0 6 12 11 27.0 40  .6 
1300 200 Bottom  36 7.9 6 18.0 10 25.8 48 
  Top  55 2.0 3 7.9 8 20.4 35 
1300 400 Bottom  17 11.3 10 23.4 16 36.5 57 
  Top  38 6.3 3 16.4 11 30.9 48 
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 Quantitative analysis was not utilized to determine the amount of the B3A solid 
solution phase present in the samples.  As mentioned previously, an initial attempt was 




mi-quantitative analysis results for the B3A 
solid so  
g in the bottom and top pellets of the 
samples run at 1300ºC is shown in Figure 4.30.   
 the 612 material corresponded to the B4A solid solution phase.  Because the B
solid solution phase reacted very rapidly, the quantitative results indicated that none of 
the 612 material remained in the samples.  Later in the analysis, some of the peaks in the 
x-ray patterns were determined to correspond to peaks in the B3A solid solution phase.   
At this late stage in the project, it was decided to quantify the B3A solid solution phase 
using only the semi-quantitative analysis. 
Comparing the quantitative and semi-quantitative analysis results for BaAl2O4, 
Ba2CaWO6, and W, the results for some of the samples appear to be consistent while oth-
ers do not match very well.  It is not evident what factor could have caused this inconsis-
tency in only some of the samples.  In general, it is expected that the quantitative analysis
results should be more accurate because it measured the peak areas, while the semi-
quantitative analysis only used the peak intensities and assumed that the peaks all had t
same Full Width and At Half Maximum (FWHM).  
 It was expected that the amount of B3A solid solution would decrease with time.  
This trend was not observed; however, the se
lution did appear to be in agreement with the trends observed in the formation of
reaction products from the quantitative analysis results.  The percent B3A solid solution 
remaining the bottom and top pellets of the samples run at 1200ºC is shown in Figure 
4.29, and the percent B3A solid solution remainin
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Figure 4.30. Percent B3A Solid Solution Remaining in the Samples Heated to 1300ºC. 
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The quantitative analysis results had shown that the percentage of reaction prod-
ucts was higher in the bottom pellets than the top pellets, indicating that the bottom pel-
 
lution remaining in the top pel-
lets tha tent 
ved in the percentage of B3A solid solution remaining with 
time in Figures 4.2 rmation of 
d 
cy 
 techniques that were used.   
 
tion of the B3A solid solution varies with time. 
lets reacted to a further extent than the top pellets.  The semi-quantitative analysis results
showed that there was a higher percentage of B3A solid so
n the bottom pellets, confirming that the bottom pellets reacted to a further ex
than the top pellets. 
 Also, the trends obser
9 and Figure 4.30 match the trends observed in the fo
BaAl2O4 and Ba2CaWO6 with time at 1200ºC and 1300ºC shown in Figures 4.21 - 4.24.  
While the percentage of the reaction products in the samples run at 1200ºC increase
from 100 to 200 hours and the decreased from 200 to 400 hours, the amount of B3A solid 
solution remaining decreased from 100 to 200 hours and increased from 200 to 400 
hours.  Similarly, while the percentage of the reaction products in the samples run at 
1300ºC decreased from 100 to 200 hours and the increased from 200 to 400 hours, the 
amount of B3A solid solution remaining increased from 100 to 200 hours and decreased 
from 200 to 400 hours.  This consistency between the x-ray results validates the accura
of the measurement
The semi-quantitative results for the B3A solid solution do not fit the predicted 
trend, as it is believed that the amount of B3A solid solution should have decreased with 
time for the samples run at both 1200ºC and 1300ºC.  More data points need to be ob-
tained through further experimental work in order to determine what may be causing the
inconsistencies in the data and in order to establish a clearer trend of how the concentra-
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Blum and Li’s Reaction Rate Model
According to Blum and Li’s27 reaction rate model, the rate of reaction is best fit to 
a straight line by plotting xt vs. t.  A plot of xt vs. t for BaAl2O4 for the accelerated reac-
tion 
can be observed that the data points for the 1300ºC samples do not appear to fit a straight 
line.  Because the concentration of BaAl2O4 did not increase with time for the samples at 
1300ºC, it was not expected that plotting xt vs. t would fit a straight line.  While the data 
points for the 1200ºC samples do appear to fit a straight line, it is important to remember 
that there were also some inconsistencies in the formation of BaAl2O4 with time at 
1200ºC.   
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Therefore, although the data does fit a straight line for the 1200ºC samples, it is 
expected that the slope of a trend line fit through the data points would not accurately 
model the reaction rates for the 612 material and W.  Consequently, it would not be pos-
sible to use the slope of the line to accurately predict the fraction of BaAl2O4 which 
would exist after a designated operation time of the cathode.  Based on the proposed reac-
on for the 612 material and W, it was calculated that the concentration limit of BaAl2O4 ti
which could form in the sample would be 24.3 wt%, or x = 0.243. 
A plot of xt vs.t for Ba2CaWO6 for the samples run at 1200ºC and 1300ºC is 
shown in Figure 4.32.  Similar to the formation of the BaAl2O4, it appears that the data 
points for the 1200ºC samples fit a straight line while the data points for the 1300ºC sam-
ples do not.   
















Figure 4.32. Plot of xt vs. t for Ba CaWO  Formation. 2 6
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Based on the variation centratio aWO6 w  the samples at both 
1200ºC and 1300ºC, it is not clear wh amount of O6 should continue to 
increase with time or should increase and the decrease as the Ba2CaWO6 begins to react 
then it would not be appropriate to try to fit the data for the concentration of Ba2CaWO6 
to Blum and Li’s model.  Further e ta is needed in order to establish a clear 
trend in the formation CaWO6  
 
canning Electron Mi y
 in con n of Ba2C ith time for
ether the Ba2CaW
with W.  If the latter is true and the formation of Ba2CaWO6 does not increase with time, 
xperimental da
of Ba2 with time.






Vapor Pressure of Ba
 The tungsten wires run in the molybdenum capsules at 1200ºC for 100 hours an
at 1300ºC for 100, 200, and 400 hours were viewed in the Hitachi S-800 SEM.  The for-
mation of a reaction layer on the edge of the tungsten wires was not clearly evident in 
of the samples.  The diameters of the wires were also measured, but there did not appear
to be a clear trend in the variation of the wire size with reaction time for the samples run
at 1300ºC.  
 
The vapor pressure of barium in the cathodes has a significant impact on the rate 
of reaction, and ultimately on the life of the barium source material.  Once the equilib-
rium vapor pressure of barium is established in a traditional impregnated cathode, the re-
action between the source material and tungsten proceeds only to the extent necessary to 
replace Ba vapor which has diffused through the porous tungsten emitter to the surface.  
In the reservoir hollow cathodes, it was likewise assumed that the rate of reaction would 
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significantly decrease once the equilib ssure of Ba was established in the 
reservoir.  However, the reactions in rvoir hollow cathode environment 







h the equilibrium vapor pressure of barium inside the cap-
sules at
 
erefore it is believed that the barium vapor must 
have e orous 
ace of the tungsten particles in the emitter but also by Knudsen flow 
through the pores.
rium vapor pre
 the simulated rese
a
B lid solution phase in the 612 material in 100 hours or less at 1000ºC.  For this rea-
son, it is believed that enough barium vapor did not build up inside the reservoir to es
lish the equilibrium vapor pressure of Ba and slow down the reaction.   
Theoretically, it should only take a small amount of barium vapor to establish the 
equilibrium vapor pressure of barium in the capsules.  Based on the dimensions of the 
molybdenum capsules, the volume inside the capsules is calculated to be 0.0429 in3.  A
suming that the pellets are 50%-dense, the volume of the pores is estimated to be 0.021
in .0003523 L.  Karmyshin, Totskii, and Shpil’rain47 developed the following rela-
tionship for the vapor pressure of barium: log p (mm Hg) = 6.711 – (7850.5/T).  Based on
this relationship, the vapor pressure of barium is calculated to be 24.066 mm Hg or 
0.03167 atm at 1200ºC.  Using this information and the Ideal Gas Law, the mass of bar-
ium vapor needed to establis
 1200ºC is 1.268 x 10-5 g Ba.   
Based on the extent of the reaction, it is apparent that the equilibrium vapor pres-
sure of Ba was not established in the capsules to slow down the reaction.  Certainly there
was plenty of Ba vapor produced, so th
scaped too easily through the pores in the tungsten.  The permeability of the p
tungsten must have been high enough to allow the barium to escape not only through dif-
fusion along the surf
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In impregnated dispenser cathodes which have previously been used, the reaction
proceeds more slowly because the path for the barium to escape is much more tortuous 
than in the reservoir hollow cathodes.  There is a very dense impregnant in the pores of 
the W, and the barium can only escape through tiny
 
 micro cracks between the impregnant 
and the walls of the tungsten pores.  The reservoir hollow cathodes, however, have ap-
proximately 25% open porosity in the tungsten emitters through which the barium can 
escape. 
 
Surface Area of Tungsten in the Capsules 
In addition to the fact that the equilibrium vapor pressure of barium was not estab-
lished, another factor which could have affected the rate of reaction was the high su
area of the tungsten in the powder mixture.  The reservoir hollow cathodes have much 
higher surface area of tungsten in contact with the barium source material than impreg-
nated dispenser cathodes.  In impregnated cathodes where the barium compound is me
ing into the tungsten matrix, the
rface 
lt-
 only tungsten in contact with the barium compound is at 
the wal
 
ls of the pores in the tungsten matrix.   
It is possible to estimate the surface area of tungsten in an impregnated cathode 
assuming that the tungsten particles are hexagonally close packed spheres.  In this pack-
ing configuration, the pores can be visualized as the open space inside the tetrahedral 
formed by the tungsten particles.  Estimating the pore as a sphere, geometry can be used 
to calculate the radius of the pore to be 0.414 times the radius of the tungsten spheres.  
Therefore, if the tungsten has a radius of 2.5 µm, the radius of the pore is 1.035 µm.  The
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surface area of a pore is 4π(1.035µm)2 = 13.46 µm2.  The number of tungsten particles 







where PF = the packing fraction and a = the diameter of the particles.  For a close packed
configuration, the packing fraction equals 0.74.  Substituting in the packing fraction and





sten particles, so the number 
of pore
 x 
ultip ing the number of pores by the surface area of each pore, the sur-
face area of the tungsten in the full-scale impregnated cathode insert is estimated to be 
5.405 x 1010 µm2 or 0.05405 m2. 
However in the reservoir hollow cathodes, 50 wt% of tungsten powder with a 
maximum particle size of 5 µm is interspersed with 50 wt% barium compound in the res-
ervoir.  Because the particle size of the tungsten powder in the reservoir is very small, it 
has an extremely high surface area.  For the full-scale reservoir hollow cathodes, the vol-
ume of the reservoir is 1.74 cm3.  Assuming 50% packing density of the powder in the 
p = 0.011306 µm-3.  Each tungsten particle is
rounded by 6 pores, while each pore is surrounded by 4 tun
s can be calculated by multiplying the number of tungsten particles by 6/4.  There-
fore, the number of pores per unit volume is estimated to be 0.016959 µm-3 or 1.6959
1016 m-3.   
 The dimensions of the cathode insert are given as follows: OD = 0.25 in, ID = 
0.21 in, and length = 1 in.  Therefore, the volume of the porous tungsten equals π(1 
in)[(0.125 in)2 – (0.105 in)2] = 0.01445 in3 or 2.368 x 10-7 m3.  Considering the number 
of pores per unit volume is 1.6959 x 1016 m-3, the number of pores in the tungsten insert 
is 4.016 x 109.  M ly
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reservoir, the volume of occupied spac m3.  While the mixture is composed 
of 50 wt% of the 612 material a nds to 18.6 vol% W and 81.4 
ol% of the 612 material.  Therefore the volume occupied by W powder in the reservoir 
is 0.16 f 
 surface area of the tungsten in the impregnated cath-
odes.  T e 
e is 0.86779 c
nd 50 wt% W, this correspo
v
1 cm3.  The volume of one 5 µm W particle is 6.545 x 10-11 cm3, so the number o
tungsten particles in the reservoir is estimated to be 2.46 x 109.  Considering the surface 
area of one particle is 7.854 x 10-7 cm2, the total surface area of 5 µm tungsten particles 
in the reservoir is estimated to be 0.1932 m2.  Because 5 µm is actually the maximum 
particle size of the tungsten powder, this calculated surface area is a minimum value and 
could actually be substantially larger depending on the particle size distribution of the 
tungsten powder. 
Therefore, the surface area of tungsten in the reservoir hollow cathodes is esti-
mated to be at least four times the
his significant increase in the tungsten surface area could greatly increase the rat
of reaction and decrease the life of the cathode. 
 
2000 Hour Test Cathode 
There has been one long-term test of a reservoir hollow cathode filled with the 
612 ma l terial operated at a discharge current of 25 A for 2,000 hours at NASA’s Marshal
Space Flight Center in Huntsville, AL.  A thermocouple on the orifice plate of the cath-
ode measured the temperature during operation to be ~1050ºC, and therefore the tempera-
ture of the cathode insert and the reservoir material were assumed to be very close to 
1050ºC.   
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During the 2,000 hour run, this cathode showed no change in the operating cur-
rent or voltage, indicating that there was adequate Ba being supplied to the surface of the 
emitter
O6 formed in the samples run at 1000ºC and 1050ºC, but not in the samples 
run at 1200ºC and 1300ºC. 
Certain aspects of the processing of the 2000 hour test cathode, such as the load-
ing of the cathode reservoir in an open environment, could have increased the O2 content 
in the cathode.  It is also believed that there was water vapor present in the 612 material 
in the molybdenum capsule run at 1000ºC, which also formed Ba3WO6.  Therefore, it 
may be that this higher supply of O2 in the system also contributed to the formation of 
Ba3WO6.  It is not clear whether the Ba3WO6 would have formed at these lower tempera-
tures without the presence of excess O2.   
 The following reaction is proposed for the reaction of the 612 material and W at 
temperatures below 1100ºC in the presence of excess O2: 
2Ba6CaAl4O13 + 3W + 4O2 → 2Ba2CaWO6 + Ba3WO6 + 4BaAl2O4 + Ba(g) 
As discussed previously, the Ba2CaWO6 may continue to react with W to form Ba vapor 
as proposed by the reaction: 
 throughout the test.  However, post-mortem analysis of the contents of the reser-
voir showed that there was no remaining 612 material, and the reaction products were 
identified as Ba2CaWO6, BaAl2O4, and Ba3WO6.   
It is interesting to note that Ba3WO6 was observed as a reaction product in the 
2000 hour test cathode heated to ~1050ºC and the molybdenum capsule heated to 1000ºC 
for 100 hours, but not in any of the molybdenum capsules heated to 1200ºC or 1300ºC.   
At higher temperatures, the Ba3WO6 is not expected to be as stable, so this may explain 
why the Ba3W
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Ba2CaWO6 + O2 +  CaWO4 + Ba(g) 
According to Lipeles and Kan, the activation energy of the decomposition of Ba3WO6 is 
131.0 k
 a 
al operation of the insert.  Thus, one might assume that 
espite xhaust n of th 612  b
erve as a so surface itter.  Because x-ray diffrac
tion analysis of the reacted pow  and CaWO4 which are 
the predicted products, it is likely that the reaction between the Ba CaWO6 and W pro-
ceeds very slowly. 
 of this cathode supported th
ount of barium vapor escaped from the rese
of 12 rial ergy Dispersive X-Ray Spectroscopy 
EDS) as used o anal ert, the results showed a high Ba content 
itter s face.  S age showi e deposition on the surface of the cath-
de an the ED resul di  th senc Ba on the ten insert are sh in 
 
 W → BaWO4 +
cal/mole over the range of 900 – 1250ºC.  Because the activation energy of 
Ba3WO6 approaches that of BaAl2O4 in this temperature range, it is unlikely to serve as
source of barium vapor in norm
d  e io e  material, the reaction etween the Ba2CaWO6 and W would 
continue to s urce of Ba to the  of the em -
der showed no evidence of BaWO4
2
SEM analysis of the insert e hypothesis that a large 
am rvoir at the beginning of cathode life as a 
result of the rapid reaction  the 6  mate .  En
(  w  t yze the cathode ins  and 
on the em ur   An EM im ng th
o d S ts in cating e pre e of tungs own 
Figures 4.33 and 4.34.
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Figure 4.33. SEM Image Showing Deposition on the Tu n Insert of the 6
000 r Te thode. 
 
 
ngste 12  
2  Hou st Ca
 
Figure 4.34. Energy Dispersive X-Ray Spectroscopy Results for the 612  
2000 Hour Test Cathode Insert. 
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Unfortunately, the current ava ment did not allow x-ray diffrac-
tion analysis to be performed on the cathode insert, and without x-ray analysis it is not 
clear ex
 vapor escaped from the reservoir and 
as carried upstream shows that the vapor pressure of barium did not build up adequately 
 th rvoi  down action  61 n as
rium ee blish quilib or pr e of ba de the 
ervoir at 1200ºC was estimated to be only 3.12 x 10-5 g Ba.  This small t of ba
tablish the equilibriu r pre should been pro  very ea
 that th gh per ity of t gsten m ve pre-
ould have slowed down the reaction.  
ously hed Ba oration 
ilability of equip
actly whether this material was BaO, barium hydroxide, or one of the barium 
tungstates.  However, the deposited material did appear to be crystalline, so it is believed 
that the deposits were most likely one of the barium tungstates.   
The fact that this large amount of barium
w
inside e rese r to slow  the re  of the
ri ap
2 material a d W.  The m
riu si
s of 
ba  vapor n ded to esta the e um v essur m in res-
amoun rium 
needed to es m vapo ssure have duced rly 
in the reaction, so it is clear e hi meabil he tun ust ha
vented the build up of Ba vapor which w
 
Predicted Cathode Life Based on Previ Pu lisb  Evap Rates 
Ba ed on n rate a from egnate odes pu d by Za
56 and hroff, e was e to pr  how lon ll-scale
different temp res assu  that the  the bar
por was eing prod ed by the r ion of WO6 a ngsten. 
t w s pred ted that e ole of 612 should react to 
ole of Ba CaWO6.  Then based on the secon posed r n between
2CaWO  and W, each mole of Ba WO6 react to produce one mole 
 Ba v as stima ass of 12 mate n the fu  catho
s evaporatio s of B  impr d cath blishe lm 
t al.,23 it and van Stratum  S possibl edict g a fu  res-
ervoir cathode could operate at eratu ming  all of ium 
 Ba Ca nd tu  F  the pro-romva  b uc e cta 2
posed reaction between 612 and W, i a ic ach m
d pro eactio  produce one m 2
2Ca should eventually Ba 6
of apor.  B ed on the e ted m the 6 rial i ll scale des, 
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3.11 g, the mass of Ba vapor which would be produced by the reaction of Ba2CaWO6 
 is calculated to be 0.362 s info n was along wi  surface
ea of the ungsten in ert, 9.58 d the hed bar evaporat tes by Z
 (Tab  4.4), and S ff, et a le 4.5) redict c life time.
 
able 4.4 Predicted Cathode Life Time Based on Evaporation Rates Published by Zalm 
d van .56 
 
 (ºC) Ba evaporation rate 
g cm-2 h-1
Tim urs) 
with W  g.  Thi rmatio used th the  
cm , an2 publis ium ion ra alm ar  t s





927 0.00444 8, 41  502,0
1027 0.02854 1, 35 323,5
1127 0.18335 2 38 06,0
1227 1.17776 32,075 
1327 7.56565 4,993 
 
Table 4.5 redicted Cathode Life Time sed on Evaporation Rates Published by Shroff 
et a
 
 Ba evaporation rate 
-2 -1
Tim urs) 
. P  Ba
l.23 
e (hoT (ºC)
(µg cm h ) 
927 1.05567 3 39 57,8
1027 12.233 9 5 30,87
1127 141.766 2,665 
1227 1642.84 230 
1327 19037.8 20 
 
 Assuming that the actual operating temperature of the cathode insert would be 
27ºC at the desired 35 ent, the de lifeti ould exce d 
 and  Stratu a but o 3,000 h ased on
fo er expe ntal work to be done in 
easuring he ba ration s from hollow des in
ore accurately predict c fetim
closer to 11 A discharge c rru  catho me sh e
200,000 hours based on Zalm van m’s dat nly ~ ours b  
Shroff et al.’s data.  Clearly there is a need r furth rime
m  t rium evapo  rate  the actual reservoir  catho  or-





The results of the environm s at a dew point of –15ºC showed that B  
perie we f 1.68% ter 60 h , while t 2, 411, L, and 
3Sc4O9 ad all gain  less tha  in a s time fr   After 6 rs at a d
3A had gained over 30%; the 612, 411, and B4ASSL h l gained
3Sc4O9 gained an 1% se resul est that 
B A would make id riu ce material from an nmenta
standpoint; however, the other mate ials should ll be usab handled priately. 
 After the mixtures of the 612 material a  were d at 120 nd 1300ºC for 
1 0, 200, d 400 litati alysis fied the ents of t sules to
W, BaAl2O4, Ba2CaW 6, and B 4Al2O 3WO6 w bserved additio
1000 r 100 h and in th  cathode
C
The following reaction was proposed for al and W e 1100º
Ba3.4Ca0 Al2O7 + B 6Ca 0.4Al2O  + 0.5O2 → Ba2C 6 + 2Ba  + 2Ba(g)
peratures below 1100ºC in the presence of excess O  followi ction was
aterial an
2Ba CaAl4O13 + 3W + 4O2 Ba2Ca  Ba3W  4BaAl2 a(g). 
ere is a cdot th O6 will react further with W a sed in
llowing reaction: 
2 6 + O2  W → Ba 4 + CaW  Ba(g).
C I
3A ental studie
B Aex nce  a d ight in oga  af o rsu he 61 4 SS
h ed n 0.4% imilar ame. 0 hou ew Ba
point of 11ºC, the B ad al  be-
had  less th .  The ts suggtween 20-25%; and the Ba
 a po r cando ate a  a bas m s uro  e onvir l 3
r  a le if appro
nd W  heate 0ºC a
0 an  hours, qua ve an identi  cont he cap  be 
O a2.6Ca 0. 6.  Ba as o as an nal 
reaction product in the capsule heated to ºC fo ours e test  run 
at 1050º  for 2000 hours.   
the 612 materi  abov C: 
a2. 6 + W aWO Al2O4 . .6
, the ng rea  At tem 2
proposed for the 612 m d W: 
→ 2 WO6 + O6 + O4 + B6
at Ba2CaW s propo  the Th ne al evidence 
fo
Ba aWOC  + WO O4 +  
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The quantitative analysis results showed that the bottom pellets in all the sealed 
olybden m cap d to a ch furth tent tha  top pell  tempe
adient and excessive moisture in the b he cap ay hav ributed
the increas d rate of r ction in the bottom pe
W  expected that the quantitative and sem ntitativ
would show that the 3 sed with
n of BaAl 4 increased with time, the results t appear  consisten  
r the sam les run at the various temperatures ents ne e done to
tablish a clearer trend as to how concen  of the solid so and 
2O4 v ry with tim .  Becau aWO conside o be a po e interm
s would show that the concen n of 
Ba2CaWO  increased with time or t the co ation in sed and egan to d
e as the Ba2CaW 6 began to r ct with W l  not sho  clear tre , 
ental work is needed to determine how the concentration of 
2CaWO  varies with time.   
The reactions in the molybdenum capsules proceeded much mo ly tha
pletely consuming a  orig A solid tion pha he 612 
100 here a east tw sible exp ions for
te  reaction ra . First, it ssible e perm ity of the sten closu e 
, which precluded the establishmen  equilib  Ba vapor pressure inside 
ithou  Ba established inside the cap-
 Second, the surface area of t en powd
oir hollow cathodes was estimate e at lea es t  the sur
m u sules reacte  mu er ex n the ets.  A ra-
ture gr ase of t sule m e cont  to 
e ea llets. 
hile it was i-qua e analysis results 
concentration of B A solid solution decrea  time while the 
concentratio 2O did no  to be t
fo p .  Further experim ed to b  
 B3A lution es  the tration
a e se Ba2C 6 was red t ssibl edi-BaAl
ate phase, it was unclear whether the result tratio
6  t ah nc ntre crea then b e-
creas O ea .  The resu ts did w any nd
and again further experim
Ba 6
re rapid n ex-
pected, com ll of the inal B4  solu se in t ma-
terial in 100 hours or less at 0°C.  T re at l o pos lanat  the 
accelera d tes  is po  that th eabil  tung r
was too high t of rium
the capsules.  W t the equilibrium vapor pressure of
sules, the reaction proceeded very rapidly. ungst er 
in the reserv d to b st four tim hat of face 
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area of the tungsten matrix in impregnated cathodes.  This increased surface area could 
ntially increased the rate  reaction n the caps    
The successful operation of a reservoir hollow cathode filled with the 612 mate-
ting characteristics, su that the r
actions occurring in the reservoir were supplying adequate Ba to the sur f the emi
e pos nalysi s showed vidence  origin
aterial, it should be safe to assu hat the r n of 
2CaWO  with W ef ctively s  Ba to mitter. 
Us g publish  Ba evapo n rates icrowave dispenser cathodes and es-
timating the operating temperature of the reservoir hollow cathode in a full-scale ion 
thruster, it was possible to estimate the lifetime of the cathode, assuming that Ba was 
s pplied b  the propo d reactio een B O6 and pe
ected  betwe 00 and 00 hours
on data.  Clearly, barium evaporation rates 
 the m lybd le e m d in ord  more accurately pred
e. 
have substa  of i ules.
rial for over 2000 hours, with no change in opera ggests e-
face o t-
ter.  Becaus t-mortem a s of the re ervoir  no e  of the al 
phases present in the 612 m me t eactio
Ba fe upplied  the e6
in ed ra iot  from m
u y se n betw a2CaW  W.  At an operating tem ra-
ture of 1127°C, the cathode life was proj  to be en 3,0 200,0 , 
depending on the source of the Ba evaporati
from o enum capsu s need to b easure er to ict 
cathode lifetim  
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CHAPTER 6 
R MME IONS 
In this chapter, several r ndati ll be m or future experimenta
uld allow or a bette stand king in reser
odes.  Firs of all, repeating the experiments us horter re  capsules
ore adequate rem wate vapor fro  612 ma and thus 
of reaction between the 612 material and W 
onal reaction capsules fille the 612 m -
 coul  at 12  and 1  for tim horter th  hours
ine ho  long it t  the B id solu phase in 2 mater
ct completely with the W. 
Similar experiments could also be run with mixtures of Ba2CaW d W, and
aly ed in orde to evaluat  validity  proposed
aterials.  the rea  betwee  Ba2CaW d W 
oved to roceed slo ly and p n ade upply  vapor, B WO6 m
 conside ed as a pos ible bariu ce ma  for the voir holl thodes.
Mo ifications ould also b de to ction capsules in ord educe the
permeability of t r n  a here r low the maintenanc uilibrium
 vapor pressure inside of the capsules.  First of all, the porous tungsten closure 
uld be m de with finer tungsten powders (<1 micron), as the permeability through the 
aterial would decrease with particle size.  Also, a more d tungste re (84%
ECO NDAT
 
ecomme ons wi ade f l 
work that co  f r under ing of the reactions ta place voir 
hollow cath t ing s action  
could allow for m oval of r m the terial 
reduce the variation observed in the extent 
along the length of the capsule.  Also, additi d with a
terial and W d be heated 00ºC 300º C es s an 100  in 
order to determ w akes for 4A sol tion the 61 ial 
to rea   
O6 an  
the reaction products could be an z r e the  of the  
reaction between the two m   If ct nio n the O  a6 n
pr p w rovide a quate s of Ba a2Ca ay 
be r s m sour terial  reser ow ca  
d  c e ma the rea er to r  
he po ous tu gsten nd t fo e al e q of e  
barium
co a
m ense n closu -
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dense) and/or a thicker tungsten closure could be used to reduce the permeability of the 
ow down t  reaction. 
The surface area of tungsten could also be modified in order to slow down the re-
action.  The experime s could be r eated using coarser tungsten powders (200 mesh) in 
the matrix to e tun  and red he react te.   
A mass spectrometer cou sed to le the vapor evaporating from the 
action capsules. Measurements o a evap on rate  then be to predi
more accurate lifetime f the catho  Also, ation o  rate of poration 
with time uld a ropo action nces be the 612
terial and W. 
tungsten and therefore sl he
nt ep
 lower the surface area of th gs nte uce t ion ra
ld be u  samp re-
f the B orati could  used ct a 
 o de.  observ f the Ba eva
co be use  to evd luate he p t se  red seque t  ween  m -a
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APPENDIX A 
A summary of he quantita  x-ray tion an  results for each of the 
pellets are shown below, along with the aver ues wh ere rep  the d
cussion section.  
        Quant Program: 612BABW Quant Program: Ba2CaWO6 Quant Program: W_B3A
 
 t tive diffrac alysis
age val ich w orted in is-
Sample Temp (ºC) Time (hrs) Pellet % 612 % BaAl2O4 % BaWO4 % Ba2CaWO6 % W 
1 1300 100 Bottom 0.43 10.41 0.57 22.14 45.76 
        -3.52 10.69 0.57 21.07 47.00 
      Avg -1.55 10.55 0.57 21.61 46.38 
      Middle -13.71 12.41 0.53 23.14 56.15 
        -7.46 7.84 0.55 18.02 39.65 
      Avg -10.59 10.13 0.54 20.58 47.90 
      Top -71.58 6.75 0.48 13.52 26.97 
        -42.66 5.28 0.61 11.64   
      Avg -57.12 6.02 0.55 12.58 26.97 
2 1300 400 Bottom -8.06 12.67 0.11 23.25 36.48 
        -1.57 10.01 0.24 23.51   
      Avg -4.82 11.34 0.18 23.38 36.48 
      Middle -43.54 9.03 0.26 21.12 54.13 
        -37.17 10.81 0.44 17.48 44.75 
      Avg -40.36 9.92 0.35 19.30 49.44 
      Top -28.01 5.98 0.43 17.60 30.94 
        -29.78 6.57 0.14 15.10   
      Avg -28.90 6.28 0.29 16.35 30.94 
3 1300 200 Bottom -87.20 7.91 0.36 18.29 25.83 
        -96.12 7.81 0.42 17.71   
      Avg -91.66 7.86 0.39 18.00 25.83 
      Middle -133.04 4.36 0.48 .82 32.91 10
        -152.22 4.91 0.55 11.40 38.85 
      Avg -142.63 4.64 0.52 11.11 35.88 
      Top -57.30 2.09 0.31 8.84 20.38 
        -70.13 1.99 0.35 7.02   
      Avg -63.72 2.04 0.33 7.93 20.38 
4 1200 100 Bottom -12.78 9.13 0.61 19.09 45.39 
        -17.71 9.18 0.42 17.02   
      Avg -15.25 9.16 0.52 18.06 45.39 
      Middle -34.74 6.41 0.65 11.57 29.09 
        -19.85 4.80 0.36 9.94 26.47 
      Avg -27.30 5.61 0.51 10.76 27.78 
      Top -82.97 4.64 0.65 12.06 47.22 
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        -67.85 3.58 0.30 9.09 35.42 
      Avg -75.41 4.11 0.48 10.58 41.32 
5 1200 400 Bottom -25.03 11.60 0.40 21.97 60.80 
        -17.49 11.46 0.53 19.70 55.45 
        -21.26 11.53 0.47 20.84 58.13 
      Middle -53.46 7.79 0.43 19.73 50.74 
        -41.78 6.88 0.59 19.16 48.39 
        -47.62 7.34 0.51 19.45 49.57 
      Top -83.70 6.72 0.62 16.11 49.28 
        -80.29 7.16 0.58 15.03 46.83 
        -82.00 6.94 0.60 15.57 48.06 
6 1200 200 Bottom -10.92 17.96 0.52 33.24 70.64 
        -5.72 14.56 0.57 29.55 68.78 
      Avg -8.32 16.26 0.55 31.40 69.71 
      Middle -13.41 13.16 0.59 24.01 59.29 
        -9.29 10.28 0.32 18.25 48.77 
      Avg -11.35 11.72 0.46 21.13 54.03 
      Top -52.45 7.26 0.55 12.91 34.93 
        -73.27 7.98 0.46 14.94 50.20 
      Avg -62.86 7.62 0.51 13.93 42.57 
7 1000 100 Bottom 7.89 5.71 -1.03 10.88 73.02 
        -0.45 4.39 -0.74 7.86 61.99 
      Avg 3.72 5.05 -0.89 9.37 67.51 
      Middle -2.96 3.61 -0.69 13.04   
        -5.53 5.26 -0.79 12.54   
      Avg -4.25 4.44 -0.74 12.79   
      Top 10.98 2.66 -0.77 11.36 94.34 
        4.08 1.90 -0.65 8.64 72.12 
      Avg 7.53 2.28 -0.71 10.00 83.23 
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APPEN  
The APD software was used to obtain quantitative analysis results from the x-ray 
diffraction scans of selected peaks.  The raw data used in these calculations, including the 
integrated phase intensities and background intensities, along with the corresponding cal-
culated phase percentages are presented below. 
 












1 Bottom 1_612BAB 612 8847 31.1 6440 0.43 
     31.8 3500  
   BaAl2O4 10534 19.5 4580 10.41 
     20.2 4580  
   BaWO4 8514 26.2 5075 0.57 
     27.0 4850  
   Ag 47638 44.2 24105  
     44.7 7755  
  1_BA2CAW Ba2CaWO6 47389 53.3 12375 22.14 
     54.1 6500  
   Ag 47048 44.2 22605  
     44.7 7890  
  1E_W_B3A W 119068 40.0 15990 45.76 
     40.9 8700  
   Ag 38489 44.2 18600  
     44.7 8145  
  1B_612BA 612 7273 31.1 6680 -3.52 
     31.8 3220  
   BaAl2O4 11976 19.5 5280 10.69 
     20.2 5060  
   BaWO4 7861 26.2 4525 0.57 
     27.0 4500  
   Ag 48080 44.2 19695  
     44.7 9360  
  1B_BA2CA Ba2CaWO6 51211 53.3 12675 21.07 
     54.1 6950  
   Ag 48653 44.2 19035  
     44.7 9345  
  1G_W_B3A W 117959 40.0 16920 47.00 
     40.9 7890  
   Ag 38636 44.2 20535  
     44.7 7125  
1 Middle 1H_612BA 612 7934 31.1 11680 -13.71 
     31.8 3100  
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   BaAl2O4 12433 19.5 5380 12.41 
     20.2 5240  
   BaWO4 7431 26.2 4375 0.53 
     27.0 4225  
   Ag 39692 44.2 13770  
     44.7 7395  
  1H_BA2CA Ba2CaWO6 51581 53.3 12100 23.14 
     54.1 7050  
   Ag 40684 44.2 13290  
     44.7 7635  
  1H_W_B3A W 206567 40.0 20700 56.15 
     40.9 10440  
   Ag 41759 44.2 13515  
     44.7 7725  
  1I_612BA 612 7892 31.1 10120 -7.46 
     31.8 3340  
   BaAl2O4 11233 19.5 4800 7.84 
     20.2 4800  
   BaWO4 7996 26.2 4475 0.55 
     27.0 4500  
   Ag 51988 44.2 16035  
     44.7 8550  
  1I_BA2CA Ba2CaWO6 51412 53.3 12325 18.02 
     54.1 6800  
   Ag 49881 44.2 15855  
     44.7 8340  
  1I_W_B3A W 188020 40.0 20250 39.65 
     40.9 9510  
   Ag 50913 44.2 15435  
     44.7 8685  
1 Top 1C_612BA 612 13199 31.1 60060 -71.58 
     31.8 3100  
   BaAl2O4 12938 19.5 5920 6.75 
     20.2 5720  
   BaWO4 8044 26.2 4450 0.48 
     27.0 4600  
   Ag 48595 44.2 8295  
     44.7 7365  
  1C_BA2CA Ba2CaWO6 45063 53.3 9250 13.52 
     54.1 5850  
   Ag 49458 44.2 8370  
     44.7 7575  
  1F_W_B3A W 146382 40.0 15180 26.97 
     40.9 7830  
   Ag 48809 44.2 8910  
     44.7 7305  
  1D_612BA 612 9565 31.1 38500 -42.66 
     31.8 3020  
   BaAl2O4 11575 19.5 5380 5.28 
     20.2 5220  
   BaWO4 8139 26.2 4425 0.61 
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     27.0 4375  
   Ag 52628 44.2 10785  
     44.7 6825  
  1D_BA2CA Ba2CaWO6 43343 53.3 9675 11.64 
     54.1 5350  
   Ag 54146 44.2 10020  
     44.7 7065  
2 Bottom 2A_612BA 612 7535 31.1 8420 -8.06 
     31.8 3660  
   BaAl2O4 13724 19.5 6060 12.67 
     20.2 5840  
   BaWO4 8077 26.2 5025 0.11 
     27.0 4925  
   Ag 36999 44.2 10410  
     44.7 6645  
  2A_BA2CA Ba2CaWO6 54061 53.3 12525 23.25 
     54.1 6750  
   Ag 37862 44.2 9090  
     44.7 6765  
  2E_W_B3A W 160193 40.0 17520 36.48 
     40.9 8490  
   Ag 43206 44.2 11295  
     44.7 6435  
  2B_612BA 612 6986 31.1 5240 -1.57 
     31.8 3420  
   BaAl2O4 11666 19.5 5180 10.01 
     20.2 5160  
   BaWO4 7764 26.2 4775 0.24 
     27.0 4600  
   Ag 37253 44.2 11745  
     44.7 5595  
  2B_BA2CA Ba2CaWO6 53750 53.3 13950 23.51 
     54.1 6450  
   Ag 37442 44.2 10890  
     44.7 5700  
2 Middle 2G_612BA 612 9345 31.1 29100 -43.54 
     31.8 3120  
   BaAl2O4 11586 19.5 5080 9.03 
     20.2 5060  
   BaWO4 7621 26.2 4600 0.26 
     27.0 4525  
   Ag 42510 44.2 10335  
     44.7 9255  
  2G_BA2CA Ba2CaWO6 50989 53.3 10950 21.12 
     54.1 6925  
   Ag 41582 44.2 9390  
     44.7 9585  
  2G_W_B3A W 212210 40.0 19890 54.13 
     40.9 11640  
   Ag 41507 44.2 9495  
     44.7 9495  
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  2H_612BA 612 8631 31.1 27140 -37.17 
     31.8 3380  
   BaAl2O4 13096 19.5 5320 10.81 
     20.2 5480  
   BaWO4 8310 26.2 4900 0.44 
     27.0 4725  
   Ag 46746 44.2 11655  
     44.7 9150  
  2H_BA2CA Ba2CaWO6 51912 53.3 11450 17.48 
     54.1 6550  
   Ag 48811 44.2 11220  
     44.7 9150  
  2H_W_B3A W 218911 40.0 22590 44.75 
     40.9 10860  
   Ag 48869 44.2 10830  
     44.7 9495  
2 Top 2C_612BA 612 9372 31.1 23220 -28.01 
     31.8 3460  
   BaAl2O4 12201 19.5 5840 5.98 
     20.2 5740  
   BaWO4 7898 26.2 4625 0.43 
     27.0 4475  
   Ag 41906 44.2 6915  
     44.7 7170  
  2C_BA2CA Ba2CaWO6 47363 53.3 10800 17.60 
     54.1 6725  
   Ag 39792 44.2 6765  
     44.7 7260  
  2F_W_B3A W 142193 40.0 14550 30.94 
     40.9 7290  
   Ag 41615 44.2 8070  
     44.7 5895  
  2D_612BA 612 9748 31.1 25140 -29.78 
     31.8 3820  
   BaAl2O4 12746 19.5 5900 6.57 
     20.2 5940  
   BaWO4 8274 26.2 5100 0.14 
     27.0 4975  
   Ag 44430 44.2 7800  
     44.7 7515  
  2D_BA2CA Ba2CaWO6 46699 53.3 10875 15.10 
     54.1 6200  
   Ag 45374 44.2 8415  
     44.7 7095  
3 Bottom 3A_612BA 612 17579 31.1 65580 -87.20 
     31.8 3420  
   BaAl2O4 12792 19.5 5740 7.91 
     20.2 5800  
   BaWO4 7769 26.2 4475 0.36 
     27.0 4600  
   Ag 45110 44.2 6450  
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     44.7 12060  
  3A_BA2CA Ba2CaWO6 46093 53.3 9300 18.29 
     54.1 6875  
   Ag 42257 44.2 6615  
     44.7 11835  
  3E_W_B3A W 121134 40.0 12900 25.83 
     40.9 7200  
   Ag 44101 44.2 10350  
     44.7 6240  
  3B_612BA 612 17908 31.1 68240 -96.12 
     31.8 3360  
   BaAl2O4 12359 19.5 5560 7.81 
     20.2 5680  
   BaWO4 8144 26.2 4625 0.42 
     27.0 4850  
   Ag 44141 44.2 6795  
     44.7 12390  
  3B_BA2CA Ba2CaWO6 45147 53.3 8825 17.71 
     54.1 6925  
   Ag 43421 44.2 6900  
     44.7 12495  
3 Middle 3G_612BA 612 25715 31.1 116680 -133.04 
     31.8 3500  
   BaAl2O4 11556 19.5 5600 4.36 
     20.2 5540  
   BaWO4 8579 26.2 4700 0.48 
     27.0 5000  
   Ag 49944 44.2 6930  
     44.7 9660  
  3G_BA2CA Ba2CaWO6 38665 53.3 8625 10.82 
     54.1 6200  
   Ag 50642 44.2 6780  
     44.7 9900  
  3H_W_B3A W 196064 40.0 17730 32.91 
     40.9 9810  
   Ag 52916 44.2 8385  
     44.7 7950  
  3I_612BA 612 26763 31.1 134080 -152.22 
     31.8 3360  
   BaAl2O4 11263 19.5 5300 4.91 
     20.2 5180  
   BaWO4 8763 26.2 4725 0.55 
     27.0 5025  
   Ag 51089 44.2 7065  
     44.7 9660  
  3I_BA2CA Ba2CaWO6 39329 53.3 8375 11.40 
     54.1 5800  
   Ag 50401 44.2 6915  
     44.7 9870  
  3I_W_B3A W 223432 40.0 18270 38.85 
     40.9 11850  
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   Ag 52169 44.2 6870  
     44.7 9990  
3 Top 3C_612BA 612 13521 31.1 48440 -57.30 
     31.8 3780  
   BaAl2O4 11944 19.5 6320 2.09 
     20.2 6400  
   BaWO4 8737 26.2 5075 0.31 
     27.0 5225  
   Ag 47297 44.2 9120  
     44.7 6885  
  3C_BA2CA Ba2CaWO6 34506 53.3 8775 8.84 
     54.1 6475  
   Ag 53255 44.2 7035  
     44.7 11955  
  3F_W_B3A W 118234 40.0 13800 20.38 
     40.9 7560  
   Ag 51114 44.2 10080  
     44.7 6885  
  3D_612BA 612 18277 31.1 70660 -70.13 
     31.8 4580  
   BaAl2O4 10315 19.5 5240 1.99 
     20.2 5480  
   BaWO4 10047 26.2 5775 0.35 
     27.0 5925  
   Ag 55529 44.2 8070  
     44.7 9345  
  3D_BA2CA Ba2CaWO6 30903 53.3 8875 7.02 
     54.1 6375  
   Ag 53896 44.2 8130  
     44.7 9150  
4 Bottom 4A_612BA 612 9337 31.1 13580 -12.78 
     31.8 3240  
   BaAl2O4 14620 19.5 7220 9.13 
     20.2 6440  
   BaWO4 8393 26.2 4750 0.61 
     27.0 4825  
   Ag 45777 44.2 17535  
     44.7 6840  
  4A_BA2CA Ba2CaWO6 49172 53.3 13050 19.09 
     54.1 6575  
   Ag 45357 44.2 16245  
     44.7 6975  
  4A_W_B3A W 179248 40.0 20610 45.39 
     40.9 8610  
   Ag 45205 44.2 16365  
     44.7 7215  
  4B_612BA 612 9905 31.1 18200 -17.71 
     31.8 2960  
   BaAl2O4 12004 19.5 5220 9.18 
     20.2 4960  
   BaWO4 7748 26.2 4475 0.42 
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     27.0 4475  
   Ag 51067 44.2 15810  
     44.7 10185  
  4B_BA2CA Ba2CaWO6 50320 53.3 10925 17.02 
     54.1 7200  
   Ag 52713 44.2 15810  
     44.7 9990  
4 Middle 4G_612BA 612 14846 31.1 35180 -34.74 
     31.8 3580  
   BaAl2O4 15812 19.5 8040 6.41 
     20.2 7240  
   BaWO4 9439 26.2 5150 0.65 
     27.0 5375  
   Ag 55616 44.2 16050  
     44.7 10845  
  4G_BA2CA Ba2CaWO6 42288 53.3 10500 11.57 
     54.1 8075  
   Ag 57615 44.2 15810  
     44.7 11130  
  4G_W_B3A W 160310 40.0 18450 29.09 
     40.9 9960  
   Ag 57308 44.2 15750  
     44.7 10740  
  4H_612BA 612 10584 31.1 21220 -19.85 
     31.8 2980  
   BaAl2O4 9424 19.5 4460 4.80 
     20.2 4280  
   BaWO4 7586 26.2 4300 0.36 
     27.0 4500  
   Ag 53577 44.2 16455  
     44.7 9120  
  4H_BA2CA Ba2CaWO6 38635 53.3 9875 9.94 
     54.1 8225  
   Ag 58269 44.2 15255  
     44.7 11415  
  4H_W_B3A W 149455 40.0 15840 26.47 
     40.9 9420  
   Ag 58708 44.2 15000  
     44.7 11820  
4 Top 4C_612BA 612 20586 31.1 69800 -82.97 
     31.8 3500  
   BaAl2O4 11490 19.5 5680 4.64 
     20.2 5520  
   BaWO4 8865 26.2 4650 0.65 
     27.0 5200  
   Ag 47373 44.2 9195  
     44.7 9555  
  4C_BA2CA Ba2CaWO6 38217 53.3 8950 12.06 
     54.1 6550  
   Ag 47386 44.2 8850  
     44.7 9900  
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  4C_W_B3A W 226425 40.0 19020 47.22 
     40.9 11310  
   Ag 47213 44.2 9045  
     44.7 9450  
  4D_612BA 612 23044 31.1 75540 -67.85 
     31.8 3560  
   BaAl2O4 10180 19.5 4920 3.58 
     20.2 4780  
   BaWO4 8886 26.2 4875 0.30 
     27.0 5500  
   Ag 58959 44.2 9210  
     44.7 12150  
  4D_BA2CA Ba2CaWO6 35778 53.3 7800 9.09 
     54.1 6500  
   Ag 57990 44.2 9120  
     44.7 12795  
  4D_W_B3A W 212759 40.0 17100 35.42 
     40.9 11400  
   Ag 57715 44.2 9045  
     44.7 12405  
5 Bottom 5A_612BA 612 11714 31.1 20980 -25.03 
     31.8 3480  
   BaAl2O4 13425 19.5 6020 11.60 
     20.2 5760  
   BaWO4 8362 26.2 4875 0.40 
     27.0 5025  
   Ag 37966 44.2 9765  
     44.7 7695  
  5A_BA2CA Ba2CaWO6 52175 53.3 10900 21.97 
     54.1 9250  
   Ag 38815 44.2 9705  
     44.7 7665  
  5A_W_B3A W 214662 40.0 22440 60.80 
     40.9 11280  
   Ag 37638 44.2 9765  
     44.7 7845  
  5B_612BA 612 10857 31.1 17540 -17.49 
     31.8 3620  
   BaAl2O4 14771 19.5 6540 11.46 
     20.2 6360  
   BaWO4 9404 26.2 5525 0.53 
     27.0 5400  
   Ag 42751 44.2 12165  
     44.7 7350  
  5B_BA2CA Ba2CaWO6 52869 53.3 11850 19.70 
     54.1 10050  
   Ag 42343 44.2 11550  
     44.7 7320  
  5B_W_B3A W 214344 40.0 22530 55.45 
     40.9 10860  
   Ag 40759 44.2 11130  
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     44.7 7575  
5 Middle 5E_612BA 612 11685 31.1 35880 -53.46 
     31.8 3240  
   BaAl2O4 11711 19.5 5400 7.79 
     20.2 5380  
   BaWO4 7800 26.2 4500 0.43 
     27.0 4600  
   Ag 39732 44.2 8475  
     44.7 8595  
  5E_BA2CA Ba2CaWO6 48186 53.3 9475 19.73 
     54.1 7700  
   Ag 40056 44.2 8340  
     44.7 8655  
  5E_W_B3A W 197910 40.0 18330 50.74 
     40.9 10560  
   Ag 39535 44.2 8070  
     44.7 8640  
  5F_612BA 612 10713 31.1 30880 -41.78 
     31.8 3480  
   BaAl2O4 11468 19.5 5380 6.88 
     20.2 5200  
   BaWO4 8451 26.2 4700 0.59 
     27.0 4875  
   Ag 42339 44.2 9135  
     44.7 8055  
  5F_BA2CA Ba2CaWO6 47731 53.3 9750 19.16 
     54.1 7775  
   Ag 40673 44.2 9315  
     44.7 8175  
  5F_W_B3A W 190966 40.0 19650 48.39 
     40.9 9990  
   Ag 40271 44.2 9450  
     44.7 8025  
5 Top 5C_612BA 612 18663 31.1 67680 -83.70 
     31.8 3240  
   BaAl2O4 12569 19.5 5940 6.72 
     20.2 5660  
   BaWO4 8445 26.2 4675 0.62 
     27.0 4725  
   Ag 45921 44.2 7815  
     44.7 9660  
  5C_BA2CA Ba2CaWO6 44676 53.3 8500 16.11 
     54.1 6750  
   Ag 43972 44.2 7500  
     44.7 9390  
  5C_W_B3A W 225393 40.0 17910 49.28 
     40.9 11730  
   Ag 44570 44.2 7740  
     44.7 9270  
  5D_612BA 612 18002 31.1 67660 -80.29 
     31.8 3160  
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   BaAlB2BOB4B 12327 19.5 5520 7.16 
     20.2 5460  
   BaWOB4B 8220 26.2 4400 0.58 
     27.0 4725  
   Ag 47584 44.2 8010  
     44.7 9345  
  5D_BA2CA BaB2 BCaWOB6B 45212 53.3 8700 15.03 
     54.1 7200  
   Ag 46466 44.2 7965  
     44.7 9330  
  5D_W_B3A W 229573 40.0 18270 46.83 
     40.9 11190  
   Ag 47403 44.2 8175  
     44.7 9510  
6 Bottom 6A_612BA 612 9794 31.1 12000 -10.92 
     31.8 3320  
   BaAlB2BOB4B 15357 19.5 6540 17.96 
     20.2 6300  
   BaWOB4B 7954 26.2 4725 0.52 
     27.0 4600  
   Ag 37442 44.2 11745  
     44.7 9180  
  6A_BA2CA BaB2 BCaWOB6B 59479 53.3 10500 33.24 
     54.1 11575  
   Ag 36234 44.2 11895  
     44.7 9195  
  6A_W_B3A W 214910 40.0 20940 70.64 
     40.9 12510  
   Ag 37566 44.2 12015  
     44.7 9480  
  6B_612BA 612 8956 31.1 9680 -5.72 
     31.8 2920  
   BaAlB2BOB4B 12250 19.5 5020 14.56 
     20.2 4800  
   BaWOB4B 7489 26.2 4275 0.57 
     27.0 4350  
   Ag 39632 44.2 11835  
     44.7 9450  
  6B_BA2CA BaB2 BCaWOB6B 60239 53.3 10600 29.55 
     54.1 10300  
   Ag 39908 44.2 11715  
     44.7 9960  
  6B_W_B3A W 221183 40.0 20970 68.78 
     40.9 11790  
   Ag 39689 44.2 12240  
     44.7 10095  
6 Middle 6E_612BA 612 11003 31.1 15380 -13.41 
     31.8 3440  
   BaAlB2BOB4B 15043 19.5 6680 13.16 
     20.2 6260  
   BaWOB4B 8587 26.2 4900 0.59 
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     27.0 4975  
   Ag 42768 44.2 12855  
     44.7 8895  
  6E_BA2CA BaB2 BCaWOB6B 53788 53.3 11350 24.01 
     54.1 9850  
   Ag 40651 44.2 12525  
     44.7 8955  
  6E_W_B3A W 215527 40.0 22410 59.29 
     40.9 11970  
   Ag 40960 44.2 11925  
     44.7 8910  
  6F_612BA 612 10126 31.1 13240 -9.29 
     31.8 3560  
   BaAlB2BOB4B 13365 19.5 5680 10.28 
     20.2 5580  
   BaWOB4B 8418 26.2 5000 0.32 
     27.0 4950  
   Ag 48066 44.2 12420  
     44.7 9540  
  6F_BA2CA BaB2 BCaWOB6B 52744 53.3 10825 18.25 
     54.1 11175  
   Ag 46937 44.2 12270  
     44.7 9780  
  6F_W_B3A W 211406 40.0 21030 48.77 
     40.9 11370  
   Ag 46974 44.2 12300  
     44.7 10125  
6 Top 6C_612BA 612 17024 31.1 49900 -52.45 
     31.8 3480  
   BaAlB2BOB4B 15487 19.5 7420 7.26 
     20.2 7020  
   BaWOB4B 9042 26.2 4925 0.55 
     27.0 5250  
   Ag 51678 44.2 10200  
     44.7 10740  
  6C_BA2CA BaB2 BCaWOB6B 44221 53.3 9025 12.91 
     54.1 7625  
   Ag 52477 44.2 9645  
     44.7 10710  
  6C_W_B3A W 189994 40.0 18660 34.93 
     40.9 11490  
   Ag 52456 44.2 9600  
     44.7 10950  
  6D_612BA 612 16436 31.1 62960 -73.27 
     31.8 3200  
   BaAlB2BOB4B 12129 19.5 5200 7.98 
     20.2 5080  
   BaWOB4B 8041 26.2 4425 0.46 
     27.0 4700  
   Ag 51756 44.2 9015  
     44.7 12030  
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  6D_BA2CA BaB2 BCaWOB6B 46790 53.3 8400 14.94 
     54.1 8200  
   Ag 51112 44.2 8790  
     44.7 12615  
  6D_W_B3A W 243417 40.0 19590 50.20 
     40.9 13470  
   Ag 50257 44.2 9000  
     44.7 12780  
7 Bottom 7A_612BA 612 37060 31.1 35020 7.89 
     31.8 4340  
   BaAlB2BOB4B 12148 19.5 6340 5.71 
     20.2 6040  
   BaWOB4B 8058 26.2 4825 -1.03 
     27.0 6475  
   Ag 42902 44.2 8610  
     44.7 18780  
  7A_BA2CA BaB2 BCaWOB6B 29724 53.3 9650 10.88 
     54.1 9200  
   Ag 43399 44.2 8640  
     44.7 19485  
  7A_W_B3A W 232404 40.0 15660 73.02 
     40.9 17010  
   Ag 44043 44.2 8520  
     44.7 19140  
  7B_612BA 612 33337 31.1 34580 -0.45 
     31.8 3740  
   BaAlB2BOB4B 11256 19.5 5800 4.39 
     20.2 5580  
   BaWOB4B 8009 26.2 4550 -0.74 
     27.0 6600  
   Ag 45819 44.2 9315  
     44.7 14730  
  7B_BA2CA BaB2 BCaWOB6B 29511 53.3 11225 7.86 
     54.1 8175  
   Ag 46089 44.2 9090  
     44.7 14520  
  7B_W_B3A W 232438 40.0 18360 61.99 
     40.9 13560  
   Ag 45174 44.2 9105  
     44.7 15345  
7 Middle 7E_612BA 612 31495 31.1 33020 -2.96 
     31.8 4120  
   BaAlB2BOB4B 11401 19.5 5940 3.61 
     20.2 6120  
   BaWOB4B 8307 26.2 4825 -0.69 
     27.0 6400  
   Ag 39778 44.2 8160  
     44.7 15000  
  7E_BA2CA BaB2 BCaWOB6B 31696 53.3 9950 13.04 
     54.1 8850  
   Ag 37853 44.2 8145  
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     44.7 14550  
  7F_612BA 612 32733 31.1 35620 -5.53 
     31.8 3880  
   BaAlB2BOB4B 11113 19.5 5720 5.26 
     20.2 5600  
   BaWOB4B 7851 26.2 4575 -0.79 
     27.0 6175  
   Ag 39661 44.2 8595  
     44.7 14985  
  7F_BA2CA BaB2 BCaWOB6B 32827 53.3 10600 12.54 
     54.1 8600  
   Ag 39893 44.2 8505  
     44.7 14580  
7 Top 7C_612BA 612 29406 31.1 25740 10.98 
     31.8 4440  
   BaAlB2BOB4B 11704 19.5 6320 2.66 
     20.2 6480  
   BaWOB4B 8578 26.2 5125 -0.77 
     27.0 6350  
   Ag 35351 44.2 7095  
     44.7 15510  
  7C_BA2CA BaB2 BCaWOB6B 27991 53.3 10000 11.36 
     54.1 8925  
   Ag 35077 44.2 7080  
     44.7 14880  
  7C_W_B3A W 241323 40.0 15210 94.34 
     40.9 16020  
   Ag 35142 44.2 6930  
     44.7 14805  
  7D_612BA 612 30210 31.1 28080 4.08 
     31.8 4640  
   BaAlB2BOB4B 11255 19.5 6160 1.90 
     20.2 6120  
   BaWOB4B 9077 26.2 5350 -0.65 
     27.0 6900  
   Ag 42092 44.2 7890  
     44.7 14505  
  7D_BA2CA BaB2 BCaWOB6B 28771 53.3 10500 8.64 
     54.1 9200  
   Ag 41001 44.2 7725  
     44.7 14670  
  7D_W_B3A W 232279 40.0 15720 72.12 
     40.9 14310  
   Ag 39932 44.2 7815  
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